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Summary  

 

The aim of the thesis is to conduct a thorough examination of photoluminescent inorganic 

solid-state and organometallic materials through comprehensive theoretical and computational 

analyses. This involves unraveling the complexities of their electronic, structural, and optical 

properties. Motivated by the rich applications and our current state-of-the-art understanding of 

rare-earth (RE) and transition-metal (TM) materials, this thesis aims to contribute further 

insights to facilitate and guide the practical design of innovative materials with finely tuned 

photoluminescent properties. Commencing with the principles of computational chemistry and 

spectroscopy, and utilizing cutting-edge electronic structure methods including both DFT- and 

wavefunction-based methods, the study decodes the optical properties of Eu2+-doped 

phosphors and chiral Re(I) complexes. The work encompasses the development of 

computational protocols, establishing systematic approaches that correlate optical features with 

structural and electronic characteristics. Furthermore, studies on excited-state dynamics allow 

for a thorough understanding of the effect of vibronic couplings on the electronic structure and 

various optical spectra. 

At the core of the study, a multifaceted exploration of Eu2+-doped phosphors unfolds, 

introducing a groundbreaking systematic computational protocol adept at predicting electronic 

structures, optical transitions, and ultimately spectral characteristics of optical bands. The 

present work demonstrates the powerful synergy between theoretical insights and practical 

applications, predicting optical properties and enhancing the emission properties of specific 

phosphors. The research results identify crucial structural, electronic, and magnetic parameters 

controlling the emissive relaxation and the spectral broadening mechanisms. The research work 

unravels the interplay between crystal structure effects, spin-orbit coupling, and vibronic 

coupling in fine-tuning of luminescence. 

The study extends into chiral Re(I) complexes, specifically [fac-ReX(CO)3L] family, 

with circularly polarized luminescence, introducing a computational protocol predicting their 

photophysical and optical properties. The work unveils distinctive emission characteristics 

influenced by spin-vibronic coupling, expanding the horizons of the computational study into 

the chiroptical intricacies of photophysics in TM complexes. 
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In summary, the thesis weaves fundamental principles, luminescent systems, and 

innovative computational protocols into a comprehensive narrative. The implications extend 

beyond theoretical advancements, promising applications in energy-efficient lighting 

technologies and luminescent probes. Navigating the intersection of fundamental science and 

practical innovation, the research presented in this thesis could ultimately illuminate a path 

toward a future where tailored luminescent materials shape several technological landscapes 

and industrial progress. 
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Preface  

 

The work presented in this thesis constitutes a five-year research project conducted between 

January 2019 and January 2024 at the Department of Molecular Theory and Spectroscopy, 

Max-Planck-Institut für Kohlenforschung, Mülheim an der Ruhr, Germany. 
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1 Introduction  

Photoluminescence (PL) plays pivotal roles in various scientific, industrial, and technological 

applications.[1-4] In a surprising turn of events in 2014, both the Nobel Prizes in Physics and 

Chemistry were awarded for achievements closely tied to the field of photoluminescence.[5-9] 

 

The Nobel Prize in Physics 2014 was awarded jointly to Isamu Akasaki, Hiroshi Amano and 

Shuji Nakamura "for the invention of efficient blue light-emitting diodes which has enabled 

bright and energy-saving white light sources". 

The Nobel Prize in Chemistry 2014 was awarded jointly to Eric Betzig, Stefan W. Hell and 

William E. Moerner "for the development of super-resolved fluorescence microscopy". 

 

Photoluminescent materials, spanning organic, organometallic, and inorganic solid-state 

domains, find essential roles in cutting-edge technologies such as optoelectronic devices,[10-

14] light-emitting diodes (LEDs),[15-20] sensors, (bio)imaging probes,[3, 21-27] and 

photocatalysis.[28, 29] Among the diverse photoluminescent materials, those based on 

transition metals and rare earth elements, are pivotal in various applications owing to their 

distinct photophysical and photochemical characteristics. Furthermore, these materials not only 

provide a fascinating platform for fundamental research but also serve as building blocks for 

the development of innovative technologies with multifaceted applications. 

Of particular interest are the lanthanides activated solid-state phosphor materials. These 

materials possess unique and tunable emission properties that are in high demand across a 

broad spectrum of applications. Moreover, they serve as fundamental building blocks for 

various solid-state devices, including energy-efficient phosphor-converged white LEDs (pc-

WLEDs), solid-state lasers, liquid crystal displays, solar cells, and near-infrared detection 

technologies.[17-20, 30-52] 
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Another fascinating class of photoluminescent materials is the circularly polarized (CP) 

photoluminescent materials. These materials exhibit not only ordinary photoluminescence but 

also distinct interactions with different polarization states of light. That opens up new avenues 

for applications across diverse domains[53] including 3D optical displays,[54-59] sensors,[56, 

60, 61] photoelectric devices,[62-67] asymmetric synthetic photochemistry,[68] anti-

counterfeiting,[69-71] and cryptography.[72, 73]  

Tailoring and controlling the photoluminescent properties of these materials are essential 

for achieving specific functionalities to meet the evolving demands of technological 

applications. However, this task is often challenging due to the complex electronic structure 

inherent in these materials. Furthermore, the presence of intricate vibronic coupling and 

complex excited state dynamics poses significant challenges to predict and control their 

photoluminescent behavior. Conventional methods relied on chemical intuition and trial-and-

error methods, which are time and resources intensive and not necessarily successful.[15, 74-

78] Indeed, the quest for innovative luminescent materials with desired properties requires a 

comprehensive understanding of the structural, electronic and photophysical characteristics 

and their correlations. Such correlations extend beyond basic investigations to unravel the 

intricate interplay between electronic structures, transitions, and emission characteristics across 

both static and dynamic limits.[79, 80] 

Molecular spectroscopy, a cornerstone in the study of materials, enables the non-invasive 

exploration of molecular systems. That allows the investigation of their structure, properties, 

and dynamics across various environments and chemical conditions. The utilization of diverse 

spectroscopic techniques, spanning different electromagnetic field ranges, and their synergistic 

application contribute to a more comprehensive understanding of the studied systems. 

Nevertheless, the increasing complexity of these experimental techniques necessitates 

computational chemistry for accurate interpretation.[81] 

Computational molecular spectroscopy, initially developed within the realm of quantum 

chemistry to predict spectroscopic properties, has evolved into a specialized field. It now serves 

as a versatile tool, not only for theoretical researchers but also for those engaged in 

experimental studies. Leveraging theoretical and computational methods can provide a very 

powerful means to analyze, comprehend, and interpret spectroscopic features. In addition, the 

significant advancements in theoretical and computational methods, including DFT-based and 

WF-methods, enhance the accuracy of properties calculation, providing a powerful and 

productive tool. Designing systematic computational protocols contribute valuable insights 
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into the electronic structure of studied chemical systems, bridging the gap between experiments 

and underlying physical properties. This synergy enables deeper understanding and identifying 

structural characteristics responsible for specific spectroscopic properties. Knowledge derived 

from computational spectroscopic models extends beyond individual molecules, offering 

insights into entire classes of compounds.[81, 82] Such a systematic protocol have proven 

instrumental in prediction and interpretation of electronic and various spectroscopic properties 

in diverse materials spanning molecules, complexes, and solids.[79, 80, 83-91] 

The motivation behind this research lies in the imperative to overcome these challenges and 

contribute to a deeper understanding of photoluminescent f-block and d-block element-

containing materials in molecular complexes, and solid-state materials. The task which can be 

achieved through a systematic developing of efficient computational protocols enables accurate 

prediction and interpretation of the optical properties of these materials. In addition to define 

structural and electronic descriptors of the underlying mechanisms of the photoluminescent 

spectra and photophysical properties. Through this work two classes of materials were 

investigated, the inorganic solid-states Eu2+-doped phosphors and the chiral Re complexes.  

The thesis is divided into three main parts. The first part, outlines the fundamental principles 

of computational chemistry and molecular spectroscopy, emphasizing their significance in 

analyzing the optical properties of transition and rare transition metal ions in molecular 

complexes and solid-state materials. These tools help interpret experimental optical properties, 

spectra, and electronic structures, facilitating the establishment of correlations between optical 

features and structural/electronic characteristics. This correlation serves as a valuable guide for 

designing new materials with specific targeted properties. 

In the second part, the research aims to comprehensively understand the luminescent 

properties of Eu2+-doped phosphors. The primary objectives include developing a 

computational protocol to explore the electronic structure, states, and optical transitions, 

alongside investigating the impact of vibronic coupling effects. Key to this exploration is the 

identification of essential structural, chemical, and electronic descriptors governing emission 

spectral features and the broadening mechanism. The study employs advanced techniques such 

as high-level electronic structure methods, spectroscopic analysis, and excited-state dynamics 

(ESD) to facilitate the design of phosphors with finely tuned luminescence properties for solid-

state applications. 
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Through a systematic approach, the research unfolds insights across various facets. Starting 

with a detailed analysis of the electronic structure of Eu2+ ions, emphasizing the intricate nature 

of excited states and the dominance of local ligand structures. Subsequently, we introduce a 

computational protocol that proves versatile, accurately predicting optical properties and 

emission features. This protocol's robustness and generality are demonstrated by successful 

application to more complex Eu2+-doped phosphors, specifically phosphors with multiple 

candidates for Eu2+ doping. The study further exemplifies its findings through a detailed 

example of in-silico designed new Eu2+-doped phosphor, showcasing unprecedented narrow 

band red emission. The collective insights contribute valuable guidelines for designing highly 

efficient and tailored Eu2+-doped phosphors. This research not only advances our theoretical 

understanding but also offers a roadmap for innovative materials crucial in fields such as 

lighting, displays, and sensing technologies. 

Finally, the third part introduces a groundbreaking computational protocol designed to 

predict the optical properties of chiral Re(I) complexes, focusing on the [fac-ReX(CO)3L] 

family. We explore the diverse spectroscopies of these complexes which provide a nuanced 

understanding of the electronic and chiroptical characteristics. That includes computation and 

interpreting of absorption, emission, circular dichroism (CD) and circularly polarized 

luminescence (CPL) spectra.  

The protocol navigates the challenges posed by electronic complexity, employing methods 

like TD-DFT, state-of-the-art wavefunction-based methods and ESD approaches. Rigorously 

calibrated against parameters with known error bars, the protocol achieves remarkable 

agreement between theoretical and experimental spectra. That allows a quantitative analysis of 

the experimentally observed spectral features, providing deeper understanding of chiroptical 

properties. Examining different diastereomers within the family, it uncovers that different type 

of charge transfer dominating the emission process can lead to different relaxation mechanisms. 

This distinction significantly influences photoluminescent properties, including spectral bands, 

spin-vibronic coupling, relaxation times, and quantum yields. Crucially, the study identifies 

spin-vibronic coupling as a key factor shaping the photophysics of Re(I) complexes. 

In conclusion, the findings of this research contribute to the advancement of our 

understanding of the photophysical properties and underlying mechanisms governing 

photoluminescent materials. The developed computational protocols serve as powerful tools 

that can be extended to encompass a broader range of similar materials, offering insights into 

their optical behavior, and facilitating the exploration of novel luminescent systems. These 
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results not only enhance our theoretical comprehension but also provide valuable guidance for 

experimental efforts aimed at designing innovative photoluminescent materials with tailored 

properties for specific applications. Ultimately, this research paves the way for the development 

of next-generation materials that meet the evolving demands of various technological fields, 

including lighting, displays, sensing technologies, and beyond.
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PART I  

Theory of Computational Spectroscopy for Unraveling the 

Electronic Structure and Photoluminescence 
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2 Introduction to PART I 

This part provides an overview of the fundamental theories, methods, and concepts in 

computational chemistry and spectroscopy. They serve as powerful tools for computing and 

understanding the optical properties of transition and rare transition metal ions within both 

molecular complexes and solid-state materials. This framework facilitates the interpretation of 

experimental photophysical, optical properties and spectra in terms of electronic structure and 

dynamics effects. That also enables the establishment of correlations between optical properties 

and structural and electronic characteristics, which can be leveraged as a guiding map for the 

design of novel materials with targeted properties. Comprehensive discussions on these topics 

are covered in various authoritative textbooks and literature.[82, 92-114] 

In Chapter 3, we introduce the fundamentals of spectroscopy, exploring the light-matter 

interaction and various optical processes, while shedding the light on specific experimental 

spectroscopic techniques. Moving to Chapter 4, the electronic structure of molecules and ions 

doped in crystals is demonstrated, focusing on the energy levels and the influence of molecular 

environments, including crystal/ligand field effects, and spin-orbit (SO) coupling. This chapter 

also introduces the calculation of zero-field splitting, of ground or excited SO states, utilizing 

the effective spin Hamiltonian formulation. Chapter 5 provides a comprehensive overview of 

the electronic structure methods for studying ground and excited states, encompassing both 

wavefunction-based and DFT-based methods. 

Chapter 6 establishes the theoretical foundations for electronic transitions and 

spectroscopies, encompassing radiative and non-radiative processes, as well as the effects of 

vibronic coupling on optical spectra. The calculation of excited states dynamics is explored, 

demonstrating the efficient treatment through Fermi's Golden Rule within the path integral 

formulation. This enables the computation of absorption and luminescence rates and spectra, 

extending to circularly polarized absorption and luminescence rates and spectra in chiral 

systems. Finally, in Chapter 7, the focus shifts to modeling photoluminescent molecules and 
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solids, presenting computational strategies and models for both finite molecules and solid-state 

materials. Throughout the work, we consistently employ the embedded cluster approach for 

modeling computations of properties in solid-state materials.
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3 Introduction to Spectroscopy (Light Matter 
Interaction) 

3.1. Introduction to Spectroscopy 

Spectroscopy is the study and monitoring of interaction of light and other radiation with matter, 

which result in spectra. Hence, more comprehensively, spectroscopy monitors the production, 

investigation, and interpretation of spectra. As illustrated in Figure 3.1, the electromagnetic 

spectrum spans over a wide range of energies. In principle, light exhibits a dual wave-particle 

nature. The wave nature (classical picture) of light is characterized by wavelength 𝜆, and 

propagates through space (vacuum) with the speed 𝑐 = 1/𝛼 ≅ 137, in atomic units where 𝛼 is 

hyperfine constant.[94] 

 

 

Figure 3.1. The electromagnetic spectrum and the types of excitations and the spectroscopies 

within the different spectral regions (adapted from Ref[115]). 
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Chemical systems encompass atoms, ions, molecules, and ion-doped in solids, exclusively 

exist in distinct energy states. Transitions between these quantized states, known as 

spectroscopic transitions, are characterized by the absorption or emission of energy quanta 

called photons (quantum picture). As introductory example, we discuss the two-levels system 

given in Figure 3.2. 

 

Figure 3.2. Possible transitions (absorption, emission) in a two-levels quantum system. 

 

The energy *𝐸!"#$#%, and momentum (𝑝)	of the absorbed or emitted photon are quantized 

and can be expressed, and related according to the Bohr's and de Broglie's relations, by 

𝐸& − 𝐸' = 𝐸!"#$#% = ℎ𝜈 =
ℎ𝑐
𝜆 = 𝑝𝑐 (3.1) 

where, ℎ is the Planck’s constant and  𝜈 is the frequency of absorbed or emitted photon. 𝐸' and 

𝐸& are the discrete energy levels. Photons possessing energy equal to the energy gap of the 

system exhibit the potential for interaction (resonance condition). This interaction precipitates 

the exchange of energy either into or out of the system, which manifests as the radiative 

processes of absorption or emission, respectively. In a broader sense, these energy exchanges 

can be quantified through spectroscopic techniques. The investigation and analysis of spectra 

give invaluable insights into the underlying chemical architecture, as well as the electronic and 

magnetic characteristics thereof.[81, 114] 

Numerous spectroscopies and spectroscopic techniques are designed, basically based on, 

and classified according to how light and matter interact, causing reflection, refraction, 

diffraction, absorption, emission, or scattering, … of radiation by matter (some are shown in 
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Figure 3.3) over a selected range of radiation energy. The diversity of electromagnetic 

radiation energy between the different spectral regions, leads to differences in their production, 

detection, interaction with matter. So, each spectral region can resonate with a specific type of 

transitions (excitations/decays) in atoms, molecule, or solids, leading to different type of 

spectroscopic techniques, as illustrated in Figure 3.1.[114] 

In magnetic resonance spectroscopies (NMR and EPR), microwaves cause transition in 

(nuclear and electron) spin states, respectively which are resonating with external magnetic 

field. They give information about the molecular structure and local environment of 

paramagnetic ions, respectively. Radio- and IR regions are in the range of the molecular 

rotations and vibrations, helping to understand the vibrational behavior and normal modes of 

molecules and phonon structure in solids. Electronic structure and transitions can be studied 

by the absorption and emission of UV-Visible-NIR radiation by valence electrons, leading to 

optical spectroscopy. Core-electrons of atoms can be only treated by high energy X-rays, 

leading to various x-ray absorption (XRD, AEFS, EXAFS) and emission (XES) spectroscopies. 

These allow the investigation of local structure of targeted atoms and ions.[81, 114] 

As a matter of fact, optical spectroscopy is an excellent tool to understand the electronic 

structure, energy levels and transitions of the absorbing and emitting centers in atoms, 

molecules, or activator ion doped in solids. In this work, which is mainly focused on the study 

of photoluminescent materials and their structure-property correlations, the optical 

spectroscopy and corresponding spectra are intensively used and studied.  

Generally, the interaction between radiation (light) and matter can be approached in three 

different approximations: classical, quantum, and semi-classical. The classical approximation 

treats both radiation and matter classically, while the quantum approximation employs quantum 

mechanics to analyze their behavior. However, neither of these approximations is optimal for 

theoretical treatment in optical spectroscopy.[114] The classical approximation overlooks the 

electronic characteristics of molecules and transitions between states, which can only be 

understood on the quantum level. In contrast, the quantum approximation, while being the most 

accurate, adds significant complexity by treating light quantum mechanically. In many cases, 

the classical description of radiation is sufficient since the wavelengths of optical transitions 

typically exceed the size of the spectroscopically active atom or molecule. For example, the 

ionization wavelength of the Hydrogen atom can be expressed by 
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𝜆(#% =
1
𝑅)

=
4𝜋𝑎*
𝛼  (3.2) 

where, 𝑎* is the Bohr radius and 𝑅) is Rydberg constant. The ratio between the ionization 

wavelength and the size of Hydrogen atom, represented as its circumference (2𝜋𝑎*), will be 

𝜆(#%
2𝜋𝑎*

=
4𝜋𝑎* 𝛼⁄
2𝜋𝑎*

= 2/𝛼 ≈ 274 (3.3) 

which clearly demonstrates that, 𝜆(#% is (log'* 274)	 ~	2.5 order magnitude larger than the size 

of Hydrogen atom, making it possible to neglect the particle (quantum) nature of light and 

utilize the wave picture.[94] This leads to the adoption of the semi-classical approximation, 

which is suitable for explaining a variety of spectroscopic features. In this study, we employ 

this approach, describing the material by its quantum response while considering the 

propagating radiation classically using Maxwell's equations. 

3.2. Photon Field (Maxwell’s Equations) 

As previously depicted in Figure 3.1, electromagnetic radiation spans a spectrum 

encompassing radio waves, microwaves, infrared light, visible light, ultraviolet rays, X-rays, 

and gamma rays. Despite their diversity in photon energy (wavelength 𝜆), they share same 

characteristics descripted by Maxwell's equations. 

Maxwell's Equations (3.5)-(3.8) provide a comprehensive mathematical description of 

electromagnetic phenomena. They also help to understand the behavior of electric, magnetic 

fields, their interactions with charged particles, and the principles of electromagnetic 

radiation.[116] They actually show that oscillating electric and magnetic fields can propagate 

through space in the form of electromagnetic waves with the same speed 𝑐, defined as   

𝑐 = (𝜖*𝜇*)+'/&	 (3.4) 

where, 𝜖*, 𝜇* are the electric permittivity and magnetic permeability in free space, respectively. 

The well-known Maxwell’s equations and their descriptions are collected in Table 3.1. 

Taking into account that, 𝐄, 𝐁 are electric and magnetic field vectors, respectively and  𝐇 is the 

magnetizing field.	(𝛁 ∙), (𝛁 ×)		represent the divergence and curl of the field. 
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Table 3.1. Maxwell's equations (in differential form) given in free space with no charge density. 

Description Homogenous medium (free space)  

Gauss’s theorem for electrostatics 𝛁 ∙ 𝐄 = 0 (3.5) 

Gauss’s theorem for magnetism 
(proves no magnetic monopoles) 𝛁 ∙ 𝐁 = 0 (3.6) 

Faraday’s and Lenz’s law  
of electromagnetic induction 𝛁 × 𝐄 = −

∂𝐁
∂𝑡  (3.7) 

Ampere’s law  
for magnetomotive force 𝛁 × 𝐇 = 𝜇*ϵ*

∂𝐄
∂𝑡  (3.8) 

 

The comprehensive derivations and explanations of the equations are omitted and can be 

found in other sources[116-118], thus, the primary focus is on the main implications of them. 

Maxwell’s equations control the time evolution of electric and magnetic fields, and their 

solutions show the transverse nature of electromagnetic radiation, where the electric and 

magnetic field are in phase and mutually perpendicular and to their direction of propagation. 

In isotropic free space, the four equations combined to two similar equations. 

𝛁𝟐 ∙ 𝐄 = 𝜖*𝜇*
∂𝐄
∂𝑡  (3.9) 

𝛁𝟐 ∙ 𝐁 = 𝜖*𝜇*
∂𝐁
∂𝑡  (3.10) 

Equations (3.9) and (3.10) are classical wave equations for the waves travelling through free 

space with speed 𝑐. Due to the similarity between the electric and magnetic fields, and instead 

of two vector fields (𝐄, 𝐁), their representation can be reduced time-dependent potentials, more 

precisely to the scalar potential 𝜑 and vector potential 𝑨,[94] as follows 

𝐄 = −𝛁𝜑 −
∂𝐀
∂𝑡  (3.11) 

𝐁 = 𝛁 × 𝐀 (3.12) 

and within the Coulomb gauge (𝛁 ∙ 𝐀 = 0), the vector potential can be expressed as 
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 𝑨 = 𝐴*𝑒̂	𝑒[((𝒌.𝒓)+4$]		 (3.13) 

where, 𝒌 = 𝜔/𝑐 is the wave vector, 𝜔 = 2𝜋𝜈 is the angular frequency, 𝑒̂ is the unit vector, and 

r = (x, y, z) is the position vector. 𝐴* is the amplitude of vector potential, and related to the 

electric and magnetic amplitudes as 

𝐴* = −
𝐸*
𝜔 = −𝑐

𝐵*
𝜔 	 

(3.14) 

In spectroscopy, one of the most important quantities is the light intensity 𝐼, which measure 

the energy of either emitted or reflected light per unit time per unit area. Owing to the fast 

change of the electric and magnetic fields with respect the time, so, it is valid to write the 

energy density in terms of time-averaging over both the electric and magnetic fields. The total 

average energy density, traveling in non-magnetic material, can be written as  

⟨𝑈⟩ =
1
2 𝜖*

|𝐸*|&	 (3.15) 

and finally the intensity, in vacuum, can be written can as shown in Equation (3.16). 

𝐼 =
1
2 𝜖*𝑐

|𝐸*|&	 (3.16) 

 

3.2.1. Linear and circular polarization of Light 

The plane-wave solution of the Maxwell’s equation can be rewritten as,  

𝑬 = 𝑬𝟎	𝑒((7.8+4$)	 (3.17) 

where, 𝑬𝟎 is called the polarization vectors of the electric field, which are complex 3-

dimensional vectors. For light propagating along the z-axis (direction of 𝒌 vector), 

𝑬(𝒛, 𝑡) = (𝐸9𝒙 + 𝐸:𝒚)	𝑒((𝒌.𝒛+4$)	 (3.18) 
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𝐸9 , 𝐸: are the amplitude along 𝑥, 𝑦 direction. Owing to the linearity of the equation, they can 

be decomposed into a superposition of sinusoidal functions, with adding a phase angle 𝜙, so, 

it can take the form 

𝑬(𝒛, 𝑡) = 𝐸9𝒙	𝑐𝑜𝑠(𝒌. 𝒛 − 𝜔𝑡) +	𝐸:𝒚	𝑐𝑜𝑠(𝒌. 𝒛 − 𝜔𝑡 + 𝜙)	 (3.19) 

In fact, the relationship between 𝐸9 , 𝐸: and 𝜙 describes the polarization of the light. If  𝐸: =

0, that describes a linearly polarized light. If 𝐸9 =	𝐸: and 𝜙 has any value but not ±𝑛𝜋, that 

generally produces an elliptically polarized light. A special case when if 𝜙 = ±𝜋/2	results in   

left and right circularly polarized light, (LCP and RCP light), respectively. From quantum 

mechanics, that correspond the spin angular momentum of the phonons. photon has spin 𝑠 =

1, with two possible spin angular momentum 𝑚< =	±1, corresponding to the two circularly 

polarized components (LCP and RCP) of photon, respectively. 

3.3. Optical Processes and Experimental Schemes 

Light exhibits diverse interactions within an optical medium like solid-state material, as 

illustrated in Figure 3.3. These optical phenomena collectively contribute to a comprehensive 

understanding of light behavior in optical systems and giving valuable insights into the 

structural and electronic properties of the system. The subsequent sections briefly explore these 

processes, elucidating some of the corresponding experimental schemes and their implications 

on the fundamental characteristics of matter. 

 

 

 

Figure 3.3. The possible optical interactions when a solid material is illuminated with light. 
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3.3.1. Transmission 

When a light is incident to a transparent material, besides light absorption, other portion will 

be transmitted (Figure 3.3). Transmission offers supplementary information to the absorption 

to investigate for instance band structure in semiconductors. The interrelation between 

transmission and absorption can be established using the Kramers-Kronig (K-K) relations. It 

is determined by transmissivity i𝑇 = 𝐼=
𝐼*k l, defined as the ratio of the  transmitted (𝐼=) to 

incident  (𝐼*) Intensities.[119] 

3.3.2. Reflection− band gap in semiconductors 

It causes light to bounce off the surface of the material with the same angle of incidence. 

Similarly, reflectivity spectra provide comparable and supplementary information to 

absorption measurements, serving as an alternative approach to studying fundamental 

absorption, for instance direct and indirect band gap of semiconductor. Also, its interrelation 

with absorption spectra again can be built employing the KK relation, where the reflectivity 

(𝑅), can be given as the ratio of reflected intensity (𝐼>) to incident intensity (𝐼*).[119] 

R = 𝐼>
𝐼*k  (3.20) 

There are two types of reflectivity spectra; 1) specular reflection on smooth surfaces, where 

light reflects at the same angle and 2) diffuse reflection on rough or textured surfaces, where 

light reflects in various directions due to surface variations. For diffuse reflectivity 

measurements, an integrating sphere (fully reflective inner surface) is utilized (Figure 3.4 a). 

The light enters the sphere and is transmitted towards the sample. The diffuse reflected light 

reaches the detector after undergoing multiple reflections on the inner surface of sphere. 

Diffuse reflectivity spectra are of great importance in solid state phosphors and used to measure 

the optical band gap of undoped and doped hosts, see Figure 3.4 b. 
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Figure 3.4. a) A schematic presentation of an integrating sphere for measuring diffuse 

reflectivity spectra. b) Reflectance spectrum and Tauc plot (𝒏	 = 	𝟏/𝟐) of BaLi2[Be4O6] 

(adapted from Ref[120]). The band gap is estimated with both methods and is found in a range 

from 3.6-3.8 eV.  The band gap from UV/vis-reflectance data by drawing two-line tangents to 

the slope of the reflectance curve. The point of intersection of the tangents is the value of the 

band gap. 

3.3.3. Refraction  

It is a phenomenon causing change in direction of light when light passes from one transparent 

medium to another. This change in direction is due to the difference in the speed of light in the 

two mediums. It can be quantified by a fundamental property of materials called the refractive 

index (𝑛) defined as the ratio of the speed of light in a vacuum (𝑐) to the speed of light (with 

energy 𝜔) in the material (𝑣) 

𝑛(𝜔) =
𝑐
𝑣 = r

𝜖𝜇
𝜖*𝜇*

 (3.21) 

Clearly, 𝑛(𝜔) depends on the energy of refracted light leading to famous dispersion of white 

light when passes through a prism. In spectroscopy, the refractive index affects the propagation 

of light through materials, influencing spectroscopic techniques and should be including when 

dealing with absorbed or emitted light. For instance, the intensity of light 𝐼 related to electric 
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UV/vis spectroscopy 

UV/vis-reflectance data were obtained to investigate the optical band gap of AELi2[Be4O6]:Eu2+ (AE 

= Sr,Ba). Reflectance spectra of Eu2+-doped and undoped powder samples were obtained with an 

Edinburgh Photonics FLS920-s spectrometer equipped with a 450 W Xe900 arc lamp (single photon-

photomultiplier detector, Czerny-Turner monochromator with triple grating turret). The spectra were 

measured in the wavelength range from 230 to 780 nm (5 nm step size).  

 
Figure S3. a) Reflectance spectrum of undoped BaLi2[Be4O6]. b) Tauc plot (n = 1/2) for BaLi2[Be4O6]. The band 

gap is estimated with both methods and is found in a range from 3.6-3.8 eV. 

Reference 

[1] Harris, R. K.; Becker, E. D.; Cabral de Menezes, S. M.; Goodfellow, R.; Granger, P. NMR 

nomenclature: nuclear spin properties and conventions for chemical shifts. IUPAC Recommendations 2001. 

International Union of Pure and Applied Chemistry. Physical Chemistry Division. Commission on Molecular 

Structure and Spectroscopy. Magn. Reson. Chem. 2002, 40, 489-505. 

[2] BrukerAXS, APEX3 v2016.5-0: Billerica, 2016. 

[3] Sheldrick, G. M., SHELXS-97: A program for crystal structure solution, University of Göttingen, 1997. 

[4] Sheldrick, G. M. A short history of SHELX. Acta Crystallogr. Sect. A 2008, 64, 112-122. 

[5] Sheldrick, G. M., SHELXL-97: A program for crystal structure refinement, University of Göttingen, 

1997. 

[6] Coelho, A. A., TOPAS-Academic, Version 4.1: A program for Rietveld refinement: Brisbane, Australia, 

2007. 

 

176  7 Appendix 
 
 

UV/vis spectroscopy 

UV/vis-reflectance data were obtained to investigate the optical band gap of AELi2[Be4O6]:Eu2+ (AE 

= Sr,Ba). Reflectance spectra of Eu2+-doped and undoped powder samples were obtained with an 

Edinburgh Photonics FLS920-s spectrometer equipped with a 450 W Xe900 arc lamp (single photon-

photomultiplier detector, Czerny-Turner monochromator with triple grating turret). The spectra were 

measured in the wavelength range from 230 to 780 nm (5 nm step size).  

 
Figure S3. a) Reflectance spectrum of undoped BaLi2[Be4O6]. b) Tauc plot (n = 1/2) for BaLi2[Be4O6]. The band 

gap is estimated with both methods and is found in a range from 3.6-3.8 eV. 

Reference 

[1] Harris, R. K.; Becker, E. D.; Cabral de Menezes, S. M.; Goodfellow, R.; Granger, P. NMR 

nomenclature: nuclear spin properties and conventions for chemical shifts. IUPAC Recommendations 2001. 

International Union of Pure and Applied Chemistry. Physical Chemistry Division. Commission on Molecular 

Structure and Spectroscopy. Magn. Reson. Chem. 2002, 40, 489-505. 

[2] BrukerAXS, APEX3 v2016.5-0: Billerica, 2016. 

[3] Sheldrick, G. M., SHELXS-97: A program for crystal structure solution, University of Göttingen, 1997. 

[4] Sheldrick, G. M. A short history of SHELX. Acta Crystallogr. Sect. A 2008, 64, 112-122. 

[5] Sheldrick, G. M., SHELXL-97: A program for crystal structure refinement, University of Göttingen, 

1997. 

[6] Coelho, A. A., TOPAS-Academic, Version 4.1: A program for Rietveld refinement: Brisbane, Australia, 

2007. 

 

WY062-01 WY062-Sole January 5, 2005 11:28 Char Count= 0

16 FUNDAMENTALS

Monochromator

Lamp
I0

IR

Detector

Beam Splitter

Sample
(a)

I0

Sample

Detector(b)

Figure 1.7 (a) An experimental arrangement used to measure direct reflectivity spectra. (b) A
schematic drawing of an integrating sphere for measuring diffuse reflectivity spectra.

1.4 LUMINESCENCE

Luminescence is, in some ways, the inverse process to absorption. We have seen in
the previous section how a simple two-level atomic system shifts to the excited state
after photons of appropriate frequency are absorbed. This atomic system can return
to the ground state by spontaneous emission of photons. This de-excitation process
is called luminescence. However, the absorption of light is only one of the multiple
mechanisms by which a system can be excited. In a general sense, luminescence is the
emission of light from a system that is excited by some form of energy. Table 1.2 lists
the most important types of luminescence according to the excitation mechanism.

Photoluminescence occurs after excitation with light (i.e., radiation within the op-
tical range). For instance, several organic laundry detergents make use of photolumi-
nescence dyes. In fact, the slogan ‘it washes more white,’ used with some detergents,
could be substituted by ‘it is more luminescent.’ Luminescence can also be produced
under excitation with an electron beam, and in this case it is called cathodolumines-
cence. This technique is conventionally used to investigate some characteristics of
specimens, such as trace impurities and lattice defects, as well as to investigate crys-
tal distortion. Excitation by high-energy electromagnetic radiation (sometimes called
ionizing radiation) such as X-rays, α-rays (helium nuclei), β-rays (electrons), or
γ -rays leads to a type of photoluminescence called radioluminescence. Scintillation
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field in vacuum defined in Equation (3.16), should be modified when light pass through 

another medium or solvent as 

𝐼 =
1
8𝜋 𝑐	𝑛	𝑘

&𝐴*&	 (3.22) 

3.3.4. Diffraction and Crystallography 

Diffraction is a phenomenon that occurs when waves encounter an obstacle or aperture and 

undergo bending or spreading out, as show in Figure 3.3. This phenomenon is a key tool in 

determining the atomic structure and symmetry of crystals.  

X-ray diffraction has played a crucial role in advancing our understanding of materials and 

their properties. It has been used to determine the atomic structures of numerous compounds, 

including complex organic molecules, minerals, proteins, and inorganic solids.[121, 122] 

When X-rays pass through a crystal, they interact with the electrons surrounding the atoms, 

causing the X-rays to scatter according the Bragg's law 

𝑛𝜆 = 2𝑑	𝑠𝑖𝑛𝜃 (3.23) 

where	𝑛 is an integer representing the order of the diffraction, 𝜆, 𝜃 are the wavelength and angle 

of incidence of the incident X-rays, 𝑑 is the spacing between the crystal lattice planes. The 

scattered X-rays interfere constructively and destructively, resulting in a distinct diffraction 

pattern. The positions and intensities of these spots provide valuable information about the 

crystal's atomic arrangement. By analyzing the diffraction pattern, comparing the pattern of 

known crystal structures and mathematical models, information about the arrangement of 

atoms, the distances between them, and the symmetry of the crystal lattice can be extracted. 

This knowledge is invaluable for understanding the properties and behavior of crystalline 

materials.  

3.3.5. Absorption, Emission and Luminescence 

Generally, absorption refers to the process in which an atom or molecule absorbs energy from 

incident electromagnetic radiation (photons). When the energy is matching the energy 

difference between two rotational, vibrational, electronic, or spin energy states, leading to the 

excitation. This leads to the promotion of system from ground state or lower energy state to a 
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higher energy excited state. In this discussion we primarily focus will be on electronic 

transitions. 

Emission is the inverse process to absorption. The system spontaneously relaxed form the 

unstable excited state to its ground state (de-excitation process), emitting phonons. This de-

excitation process is generally referred to as spontaneous emission, radiative decay or 

luminescence in solid-state materials. Before the emission, the system stays for a short time, 

called excited state lifetime, which in conjugation with the emission spectra helps to 

characterize the nature of transition and the excited state energy levels involved. 

Besides the spontaneous emission, the system in the excited state can be triggered to release 

a photon by an incident photon with the same energy and phase. This process is called the 

stimulated emission, which amplifies the emission, leading to the production of intense, 

monochromatic, and coherent beam of light. It is the fundamental processes underling the 

operation of lasers. 

The absorption and emission processes are characterized by the absorption and emission 

spectra, which represent the energy of transitions at which the system absorbs or emits most 

efficiently, i.e., with higher optical coefficients. However, in the absorption spectra, different 

types of transitions can occur depending on the scanning energy range. These transitions can 

involve excitations from the ground state to different higher energy levels. In contrast, the 

emission spectra primarily represent the relaxation process from the lowest excited state back 

to the ground state. This process follows the Kasha’s Rule,[123] which states that in most cases, 

the emission occurs from the lowest excited state. The emission spectrum provides valuable 

information about the energy released during the relaxation process and can be used to study 

the electronic and vibrational properties of the system. 

From a microscopic point of view of the transition process form initial state |𝜓(⟩ to a final 

state |𝜓?⟩ with 𝑁 and 𝑁′ are the initial and final state population densities, respectively. The 

optical transition coefficient α(ω)	of this system can be written as 

α(𝜔) = σ(?(𝜔)(𝑁	 −	𝑁@) (3.24) 

where σAB(ω) is the so-called transition cross section and represents the ability of our system 

to absorb or emit the radiation with energy 𝜔.  

On the quantum level, according to Fermi's golden rule, the transition probability 𝜎(? can be 

given as 



3 Introduction to Spectroscopy 

 20 

𝜎(?(𝜔) =
𝜋𝐴*&

2𝑐& �𝑇(?�
&𝛿*𝜔 − 𝜔(?, (3.25) 

where, 𝐴*	  is the amplitude of vector potential, as given in Equation (3.14). 𝛿 is the delta 

broadening function while,  𝜔,𝜔(? are the radiation and transition energies, respectively. 𝑇(? is 

the transition momentum and given by  

𝑇(? = �𝜓?�𝑇��𝜓(�, (3.26) 

The transition moment will be further discussed in next chapters and in the framework of 

vibronic coupling, due to its importance in the optical spectroscopy. And let’s focus now on the 

how the different spectra are measured. 

3.3.5.1. Experimental Absorption, Excitation and Luminescence 
Spectra 

By analyzing the absorption and emission spectroscopy experiments in conjugation with 

theory, a deeper understanding of the energy levels, transitions, and electronic structure of the 

material or molecule can be achieved.[114] Figure 3.5 (a, b, and c) gives an overview of the 

optical layout of the famous absorption, excitation, and luminescence spectra detection, 

respectively. The difference between them lies in the phenomena being observed due to 

excitation. 

Absorption Spectra (Figure 3.5a); when a molecule (or solution) is illuminated with 

monochromatic light of varying wavelengths, the molecules undergo excitation from the 

ground state to higher excited states. Different absorbed energies correspond to different energy 

levels, resulting in the appearance of an absorption band(s) in the optical spectrum. So, 

absorption spectrum is simply a graphical representation depicting how absorption varies as a 

function of incident light wavelengths. 

In study of the optical properties of photoluminescent solids and ion-doped solid-state 

materials, the excitation and luminescence spectra are utilized. In contrast to absorption spectra 

detection, these techniques involve the use of two monochromators (excitation and emission).  

Excitation Spectra (Figure 3.5b); show the change of the emission intensity as a function 

of the excitation wavelengths. The emission monochromator is set to a specific wavelength 

known for emission from the sample while the excitation monochromatic light is scanned 
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across the desired excitation range. This range should be broad enough to overlap the sample 

absorption band(s). (Near-)UV radiation is usually necessary to excite to energy levels above 

the emission level, typically in the visible or near IR region. The excitation spectrum 

demonstrates that for effective luminescence to occur in the crystal, the presence of emission 

levels and upper levels with sufficiently intense absorption is necessary. This explains the 

variation in luminescence intensity with different excitation modes.  

 Luminescence spectra (Figure 3.5c); when ions in a crystal that have reached an excited 

state return to the ground state through radiationless transitions or by emitting radiation. The 

emission transition manifests as an emission in the crystal, which is observed as a band in the 

luminescence spectrum. In contrast to excitation spectra, now the excitation wavelength is 

fixed while the emission wavelength is scanned and recorded. In addition, unlike the absorption 

or excitation spectra which show different bands corresponding to transitions to different 

energy levels, the luminescence spectrum exhibits a single narrow emission band. This is 

because the other broad levels do not emit light. The absorbed energy, causing transitions to 

these and other levels, is dissipated through fast radiationless transitions until it reaches the 

lowest emissive level, in accordance with the Kasha’s Rule.[123] However, complex 

luminescence spectra consisting of multiple bands could be detected, for instance, due to 

presence of several emitting centers or splitting of ground state, which is typical for lanthanides 

and actinides complexes and materials.[124-126] Finally, the position of the band in the 

luminescence spectrum is independent of the excitation method and is determined by the 

spacing between energy levels, although specific bands may appear or be absent depending on 

the mode of excitation.  

In luminescence spectra analysis, the focus is on the spectral composition of the emission, 

determining the energy level from which radiation occurs. In excitation spectra, one can 

observe emission resulting from transitions originating from a single emission level. However, 

the excitation spectrum does not register the luminescence spectrum itself but rather its overall 

intensity, which depends on the absorption band in which excitation occurs. Therefore, the 

excitation and absorption spectra will be the same if the sample under investigation follow the 

Kashs’s rule. However, in the former the spectra are determined by the intensity of the 

emission, not the intensity of the radiation passing through the crystal. 



3 Introduction to Spectroscopy 

 22 

 

Figure 3.5. A simplified overview of optical layout for experimental measurement of the a) 

absorption, b) excitation, and c) luminescence spectra. 

 

3.3.6. Scattering and Raman Effect 

Also, light can scatter. a common manifestation of scattering is the red color of the sky during 

sunset, and the blue during the day, both occur because of Rayleigh scattering of the sunlight 

due to particles in the atmosphere. This type of scattering is an elastic photon process and it is 

much more intense for higher frequencies.[114] Inelastic photon scattering processes are also 

possible, known as Raman scattering or emission.  

The different Raman emissions are schematically presented in Figure 3.6. When light 

interacts with a sample, various processes occur, including direct specular reflection and elastic 

scattering (Rayleigh scattering), where light is emitted from the sample at the same energy as 

the incident light. Raman inelastic scattering involves incident photons inducing a vibrational 

oscillation specific to the molecule's chemical moiety. In Stokes scattering, energy is absorbed 

by the molecule, and the emitted photon has a shorter wavelength than the incident photon. If 

the molecule is initially in a vibrationally excited state, it can de-excite vibrationally, 

transferring energy to the scattered photon (anti-Stokes Raman scattering). Raman 

spectroscopy can provide information about vibrational modes and structural changes and 

environment of molecules and solids.[110, 113, 114, 127-129] 
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Figure 3.6. Schematic representation of the Raman effect, compared with the fluorescence. 

Excitation and deexcitation are generally presented by blue and red arrows, respectively. 

Electron, vibration states are presented by black, gray lines, while virtual states are given in 

gray dotted lines. 𝑬𝒔, 𝑬𝑹, 𝑬𝑨𝑺 are the energy of Stokes, Rayleigh scattered, and anti-Stokes 

photon.	𝑬𝑭, 𝑬𝑹𝑹 are the energy of fluorescence and resonance Raman emission; Evib, is the 

energy of molecular vibrational transition. 

 

Finally, resonance Raman (RR) is a special case where the excitation energy is very close 

to an electronic transition of a molecule. This has the advantage that vibrational transitions 

associated with the electronic change are substantially enhanced compared to other Raman 

transitions. The main differences between fluorescence and RR, is the lifetime difference. 

Fluorescence excited states are longer-lived than the virtual states associated with Raman 

scattering. In addition, energy of fluorescence emission is generally independent of the energy 

of the exciting light. In contrast, the light scattering energy increases with the increase in energy 

of the exciting light. [130] 

Raman and infrared absorption spectra are often complementary methods with which to 

investigate the energy-level structure associated with vibrations. If a vibration (phonon) can 

cause a change in the dipolar moment of the system, then the vibration is infrared active. On 

the other hand, if it can cause a change in polarizability, it is Raman active. For molecules with 

center of inversion (𝑖), an infrared-active vibration is Raman inactive, and vice versa, 

according to the mutual exclusion rule.[128] 
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3.3.7. Polarization and Chirality 

Circular polarization of light has been introduced in Section 3.2.1. While isotropic molecules 

interact with both (LCP/RCP) similarly, chiral molecules are characterized by its differential 

interaction between left and right circularly polarized (LCP/RCP) light, results in optical 

activity. In this case, the molecule can differentially absorb or emit, leading to CP absorption 

(𝐼IJ<KLM ≠ 𝐼IJ<>LM) or luminescence (𝐼NOPKLM ≠ 𝐼NOP>LM) spectroscopies. The optical activity, differential 

interaction RCP/LCP light, is mainly due to change of the direction/sign of photon angular 

moment during the excitation or de-excitation transition translated to the absorbed or emit 

photon. This can be mainly induced by either, spatial chirality (stereochemical asymmetry) in 

chiral molecules or by spin polarization of the excited states which could be internally induced 

for example by spin-orbit coupling (SOC).[79, 131, 132] This gives rise to the well-known 

electronic circular dichroism (ECD) and circularly polarized luminescence (CPL) 

spectroscopies describing respectively absorption and luminescence processes. A case study of 

chiral Re complexes, is given  PART III. 

While most optically active substances exhibit inherent chirality, it is possible to externally 

induce optical activity in certain materials, by applying an external magnetic field. In high spin 

states 𝑆 ≥ '
&
, The field will split the degenerate ±𝑀< states, which will interact different with 

CP photons, and leading to differential intensity (𝐼	KLM ≠ 𝐼	>LM) of the absorption or 

luminescence spectra, known as magnetic circular dichroism (MCD) and magnetic circularly 

polarized luminescence (MCPL) spectroscopies, respectively. 

To summarize, we have described in this chapter the major light-matter interactions that are 

probed in the various spectroscopic experiments.  In fact, we have seen that light can interact 

with matter in multiple ways, providing a non-invasive avenue to explore the structure, 

properties, and dynamics. The effective utilization of various spectroscopic techniques, 

spanning different electromagnetic field ranges, and their synergistic application enhances our 

comprehension of the systems under study. The growing complexity of these experimental 

methods and outcomes necessitates precise interpretation, a demand which can be fulfilled by 

theoretical and computational studies.[79-81, 83-91] Computational spectroscopy plays a 

crucial role in providing valuable insights into the electronic structure and properties of 

chemical systems. This approach helps identify the molecular characteristics responsible for 

specific spectroscopic properties, creating a more consistent and seamless integration between 

experimental and computational aspects.
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4 Electronic structure of molecules and Ions-doped in 
Crystals 

4.1. Optical Spectroscopy and Quantum Mechanics 

Focusing on optical spectroscopy, experimental optical spectra exhibit peaks at various 

energies, intensities, and shapes. Computational spectroscopy proves instrumental in analyzing 

these features, providing comprehensive insights into electronic structure, transitions, and the 

dynamic effects on transitions. In the initial stage, accurate prediction of energy levels involved 

in the observed transitions becomes imperative for computational spectroscopy. This can be 

achieved by solving the Schrödinger equation of the system, ensuring an accurate calculation 

of the transitions present in the spectra. 

4.1.1. Schrödinger Equation 

Schrödinger equation is milestone of quantum mechanics.[92, 95, 112] Its exact solution gives, 

in principle, a full description of many-body system including, atoms, molecules, solid-state 

crystals, …etc. That allows accurate determination of chemical and physical properties of the 

system and prediction of its behaviors at different conditions and in presence of external 

perturbations e.g., light, or magnetic field. 

In the canonical formulation of quantum mechanics, and using Dirac notation, the system 

state 𝛹% can be described by a vector |𝛹%⟩ in the Hilbert space and its time evaluation is 

governed by time-dependent Schrödinger equation (TD-SE). 

𝐻�|𝛹%⟩ = 𝑖ℏ
𝜕
𝜕𝑡 |𝛹%⟩ 

(4.1) 

where, 𝑖& = −1, ℏ	(= ℎ/2𝜋) is the reduced Planck’s constant. The state |𝛹(𝑡, 𝒓, 𝑹)⟩ is a 

normalized vector in the Hilbert space on the complex field ℂ, expressed in terms of time 
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(𝑡)	and spatial coordinates. For arbitrary molecular systems, 𝑹 = {𝑹𝜶,				𝛼 = 1,… ,𝑀} for a set 

of 𝑀 nuclear coordinates and 𝒓 = {𝒓𝒊,				𝑖 = 1,… ,𝑁} for a set of 𝑁 electronic coordinates. 𝐻�	is 

the Hamiltonian operator with eigenvalues 𝐸%. In stationary state, the wavefunctions take the 

form 

|𝛹%(𝑡, 𝒓, 𝑹)⟩ = |𝜓%(𝒓, 𝑹)⟩	𝑒+(S!$ ℏ⁄ 	   (4.2) 

and states can be described by time-independent Schrödinger equation (TI-SE).  

An observable (physical quantity), 𝑂 is represented with a linear Hermitian operator 𝑂�, can 

calculated with TI-SE, which generally written as  

𝑂�	|𝜓%⟩ = 𝑂%|𝜓%⟩ (4.3) 

 and it is an eigenvalue problem. And their eigenvalues are real and eigenfunctions are 

orthonormal, as shown in relations (4.4) and (4.5), respectively.[92] 

𝑂 = 𝑂∗   (4.4) 

𝛿%P = �1, 𝑛 = 𝑚
0, 𝑛 ≠ 𝑚		 

(4.5) 

Bearing in mind, that characterization of a system properties and spectroscopies, begins with 

a full description of the electronic structure, energy levels and possible transition under 

different conditions. The system energy 𝐸 (summation of ground  𝐸* and excited 𝐸(W' states 

energies) can be accurately predicted by solving the TI-SE, Equation (4.6), using the 

“complete” Hamiltonian (𝐻�) 

𝐻�	|𝜓%(𝒓, 𝑹)⟩ = 𝐸%|𝜓%(𝒓, 𝑹)⟩ (4.6) 

The complete Hamiltonian (𝐻�), should contain all interactions in rigorous way, which make 

it highly complicated. By de facto, those interactions have different relative relevance to be 

included, from system to other. So, it is reliable to start the (𝐻�), with the dominating 

interactions, e.g., electrostatic interactions, and gradually add other interaction as small 

perturbations (as will be discussed in Section 4.1.3). 
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In addition, characterization of the electronic structure and ground state energies of system 

has a big impact and helps to determine other properties. That is because the fact that if two 

operators commute, common eigenstates exist. Consequently, any observable 𝑂 represented by 

operator 𝑂�, and if �𝐻�, 𝑂�� = 0, the eigenstates of 𝐻� can be chosen as eigenstates of 𝑂�  to 

determine the eigenvalues of 𝑂. 

However, analytical solutions of the electronic TI-SE (4.6) is not possible except for very 

simple systems, like Hydrogen atom. Alternatively, it can be solved either variationally or by 

perturbation theory, as will be discussed in Sections 4.1.2 and 4.1.3, respectively. 

4.1.2. Variational principle 

For a given system with time-independent Hamiltonian 𝐻�, and lowest energy eigenvalue 𝐸*, 

any given trial normalized well-behaved wavefunction Φ�(𝑟, 𝑅) satisfying the appropriate 

boundary conditions, will be an upper bound to the exact ground state energy of the system 

(Variational method), as follows 

𝐻�	|𝜑� ((𝑟, 𝑅)⟩ = 𝐸((𝜑� ()	|𝜑� ((𝑟, 𝑅)⟩ (4.7) 

 �𝐸**|Φ� 	⟩, =
XΦ� Y𝐻�YΦ� Z
XΦ� YΦ� Z

� ≥ �𝐸*(|Ψ	⟩) =
XΨY𝐻�YΨZ

[Ψ\Ψ]
	� (4.8) 

 and the trial function can be optimized until it has a minimum with respect to the variational 

coefficient(s) 𝑐, as follows 

𝜕
𝜕𝑐
⟨𝐸⟩ =

𝜕
𝜕𝑐 �Φ

��𝐻��Φ�� = 0 (4.9) 

However, the accuracy of the predicted energies depends on the quality of trial 

wavefunction, the lower the energy, the better trial function. The quality of trial function can 

be improved through linear variational principle, where the trial wavefunction is constructed 

by linear combination of set of linear independently functions {𝜑�%}. The variational 

coefficients {𝑐%} are going to be optimized towards minimum E**|Φ� 	⟩, with |Φ� 	⟩ closely 

approximates the system ground state |Ψ⟩. That can be smoothly done by Lagrange’s method 

of multipliers[92] with the constrain that the eigenfunctions are kept orthonormal.  
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4.1.3. Perturbation Theory 

Perturbation theory (PT) is a very powerful method and provides a procedure to approximate 

the solutions of SE for 𝐻� of a system which slightly differs (perturbed) from a system with 

known solutions. For a system described by SE as in Equation (4.6) which can’t be solved 

exactly, but the exact solutions of unperturbed 𝐻�(*) , superscript (0) refers to zero-order or the 

known solution, and reads  

𝐻�(*)	|Ψ^
(*)⟩ = 𝐸%

(*)	|Ψ^
(*)⟩	 (4.10) 

and assuming that  𝐻� is slightly perturbed from 𝐻�(*) by perturbation 𝐻�@, so the total 𝐻�  can be 

written as  

 𝐻� = 𝐻�(*) + λ	𝐻�@  (4.11) 

 and since the  𝐻� slightly differs from  𝐻�(*), so its eigenfunctions and eigenvalues can be 

expressed in linear expression of power series in the parameter 𝜆, as follows  

|Ψ^⟩ =  𝜆7 	|Ψ^
(7)⟩

)

7_*

	 (4.12) 

𝐸% = 𝜆7 	𝐸^
(7)

)

7_*

	 (4.13) 

The perturbed system will reduce to the unpretreated one, in the limit 𝜆 → 0. Assuming non-

degenerate zero-order WF and coupling of the coefficients of the same power of 𝜆 gives the n-

order corrections. So, the first- and second-order energy corrections can be found as follows, 

 𝐸^
(') = ¢Ψ^

(*)£𝐻�@	£Ψ^
(*)¤	 (4.14) 

𝐸^
(&) =  

£¢Ψ`
(*)£𝐻�@	£Ψ^

(*)¤£
&

𝐸^
(*) − 𝐸`

(*)
Pa%

	 (4.15) 
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Now, we can see that, the corrections in the energy depends on the effect of the perturbation 

operator on the unperturbed WFs. For instance, the first-order energy correction is simply the 

average of that perturbation i𝐸^
(') = ∫Ψ^

(*)∗	𝐻�@	Ψ^
(*)l, and the respective the first-order WF 

corrections, is  

|Ψ^
(')⟩ =  

¢Ψ`
(*)£𝐻�@	£Ψ^

(*)¤

𝐸^
(*) − 𝐸`

(*) 		 |Ψ`
(*)⟩

Pa%

		 (4.16) 

Again, it may be represented as a linear combination of unperturbed 𝑚$" electronic states (𝑚 ≠

𝑛), where the coupling coefficient of 𝑚$" electronic state WF in the correction depend on the 

energy difference between the  𝑚$"  and 𝑛$" states. The smaller the energy difference, the 

larger the coupling. 

4.2. The Electronic Problem 

As discussed previously, the goal is to solve the TI-SE (4.6). For a many-body (polyatomic) 

system containing a set of interacting 𝑁 electrons and 𝑀 nuclei, the total molecular 

Hamiltonian 𝐻�, of the non-relativistic time-independent Schrödinger equation, can be 

expressed as in Equation (4.17). 

𝐻�(𝐫, 𝐑) = 𝑇�b + 𝑈�bb + 𝑇�% + 𝑈�%b + 𝑈�%% (4.17) 

where, 𝑇�b , 𝑇�% define the electrons and nuclei kinetic energy operators, respectively, 𝑈�%b is the 

attractive electrostatic nuclei-electrons interaction, and 𝑈�bb , 𝑈�%% define the repulsive 

interelectron and repulsive internuclear electrostatic interactions, respectively. In the non-

relativistic approximation, the spin-orbit and spin-spin interactions are ignored. Generally, it is 

a safe approximation due their small effect compared to the electrostatics interaction between 

subatomic particles (electrons and nuclei). However, they play critical role in fine structure of 

spectra and magnetism for instance in rare-earth transition metal complexes, and they can be 

added later as perturbations to the Hamiltonian 𝐻� to solve the relativistic  𝐻� in the framework 

of perturbation theory, taking the solutions of the non-relativistic 𝐻� as the solution of the 

unapertured system.[92, 114] 
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In more details, these terms of Equation (4.17) are expressed respectively, in the atomic 

unit (ℏ = 𝑚b = 4𝜋𝜀* = 1), as given in Equation (4.18). 

𝐻�(𝒓, 𝑹) = − 
1
2𝛻(

&
c

(_'

+ 
1
𝑟(?

c

(d?

− 
1

2𝑀e
𝛻e&

f

e_'

− 	
c

(_'

 
𝑍e
𝑟(e

f

e_'

+  
𝑍e𝑍g
𝑅eg

f

gde

 (4.18) 

where, (𝒓, 𝑹) are the electronic and nuclear coordinates, respectively, 𝑀e is the atomic mass 

of nucleus 𝛼, and 𝛻 is the Laplacian operator with respect to the coordinates. (𝑟(? , 𝑟(e , 𝑅eg) are 

position vectors defined as follows (𝑟(? = |𝒓𝒊 − 𝒓𝒋|, 𝑟(e = |𝒓𝒊 − 𝑹𝜶|,	and 𝑅eg = |𝑹𝜶 − 𝑹𝜷|). 

4.3. Adiabatic and Born-Oppenheimer Approximations 

Solving the TI-SE for the total molecular non-relativistic Hamiltonian defined in Equation 

(4.18), can’t be done analytically or even numerically unless some approximation is introduced.  

One of the most important approximations is the adiabatic approximation, decoupling the 

nuclear and electronic motions based on the obvious difference in time scale associated with 

the motion of nuclei compared to the electrons. That is a direct consequence of the significant 

difference in mass between the electron and a nucleus (𝑀), which in case of Hydrogen atom is 

1/1836 (in the order of ~10+j), and the ratio of average velocities of nuclei and electrons of 

the same order ~10+j. The adiabatic approximation, decoupling of the electronic and nuclear 

motion, can be done under appropriate conditions that, the electrons are instantaneously 

following the motion of the nuclei, while remaining always in the same stationary state of the 

electronic Hamiltonian and do not undergo transitions between stationary states. In short, 

electrons are following the nuclei adiabatically.[97] 

Within the adiabatic Born-Oppenheimer approximation, electrons moving in fixed nuclei, 

the term 𝑇�% = 0 , and the 𝑈�%% term is constant. Then, the electronic energy (𝐸bN)	and 

wavefunction (Ψ), both, parametrically depend on the nuclear coordinates (𝐑), as given in 

Equation (4.19). 

𝐻�bN(𝐫, 𝐑)Ψ(𝐫; 𝐑) = 𝐸bN(𝐑)Ψ(𝐫; 𝐑) (4.19) 

Finally, the total TI-SE of system, including both electrons and nuclei, is solved in two steps, 
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1) solving the electronic problem in a field of fixed-point charges of nuclei and find the 

electronic energy which parametrically depends on the nuclear coordinate, as depicted in 

Equation (4.19), then 

2) using this electronic energy as a potential to solve the nuclear motion, which leads to the 

construction of potential energy surface (PES).[92, 133] 

4.4. Energies levels (Static interaction) 

When ion is ‘doped’ in a crystalline structure gives rise to a number of optical bands which are 

not present in the undoped structure, this center is called an optically active center, and its 

electronic structure is to a large extent similar to atomic structure of free ion but perturbated 

by the crystal field of the crystalline environment. This situation is very common for transition 

metal (TM) and rare-earth (RE) transition metals ions doped in inorganic solids. The valence 

electrons of TM and RE atoms/ions, especially in the latter, are relatively shielded from the 

external environments by the outer filled shells. So, their electronic structure and energy levels 

can be estimated from solution of TI-SE, within the central-field approximation (CFA).  

For ion with nuclear charge +𝑍 and 𝑁 electrons in external crystal-field, the total 

Hamiltonian, for can be written (in atomic units) as 

𝐻� = 𝐻�* + 𝐻�bb + 𝐻�Lk + 𝐻�lmL 	 (4.20) 

where, 𝐻�* , i∑ ­− ℏ"

&P
∇(& −

n
8#
¯c

(_' l, represents the central field Hamiltonian, containing the 

electrostatic field acting on the valence electron due to the nucleus and the inner- and outer-

shell electrons). 𝐻�bb, °'
&
∑ '

8#$
c
(a?_' ±,  is the coulomb interaction among the valence electrons. 

𝐻�Lk represents the electrostatic interaction of electrons with surrounding ions as point charges 

and reflects their symmetry distribution. 𝐻�lmL  is Hamiltonian of the spin-orbit coupling, which 

will be ignored for now. 

Within the CFA, the total Hamiltonian can be approximated into sum of one-electron 

operators *ℎ�(,	, as  

𝐻 = ℎ�(

c

(_'

	 (4.21) 
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representing an effective total central-field potential on electron 𝑖, the approximation is similar 

to Hartree-Fock approximation, discussed in Section 5.1.1. Now, the equation is separatable 

and can be solved.[134] 

4.4.1. Atomic orbitals 

First, assuming a free ion/atom, so, 𝐻�Lk = 0, the eigenvalue of the solution of problem can be 

given by approximating Ψ as a product of 𝑁 one-electron wave functions, known as atomic 

spin orbitals ²𝜙7((𝒙𝒊)³, as follows 

Ψ(𝒙𝟏, 𝒙𝟐, … 𝒙𝑵) =´𝜙7((𝒙𝒊)
c

(_'

	 (4.22) 

 where 𝒙𝒊 = (𝒓𝒊, 𝒔𝒊) stands for both space and spin coordinates.  𝑘( = {𝑛( , 𝑙( , 𝑚N( , 𝑚<(} donates 

the set of quantum number completely describes election 𝑖. 𝑛, 𝑙 are the principle, orbital angular 

momentum quantum numbers, respectively while 𝑚N , 𝑚<  are the projections of the orbital and 

spin angular momenta, respectively. The atomic spin orbital 𝜙7( can be presented in polar 

coordinates, which provides a convenient way to describe the shape and orientation of the 

orbitals in three-dimensional space, as  

𝜙7((𝑟, 𝑠) =
1
𝑟 	𝑃%N

(𝑟)	𝑌N
P%(𝜃, 𝜙)	𝜔P&(𝑠)	 (4.23) 

where, (𝑟, 𝜃, 𝜙)  are the polar coordinates. 𝑃%N(𝑟), 𝑌N
P%(𝜃, 𝜙) are the radial and angular 

functions, where the latter is a spherical harmonic where determine the orbital shape described 

by the azimuthal quantum number (𝑙). That will give rise to the well-known atomic orbitals 

(AO) 𝑠, 𝑝, 𝑑, 𝑓, … for 𝑙 = 0,1,2,3, …, respectively. 𝜔P&(𝑠) is the spin wavefunction and it is an 

eigenfunction of the 𝑠&º	𝑎𝑛𝑑	𝑠q»  spin operators. 

However, due to the fermion nature of electrons (the Pauli exclusion principle), requires that 

the many-electron WF to be antisymmetric with respect the exchange of space and spin 

coordinated of any two electrons. So, the total wavefunction can be presented as an 

antisymmetized product of the 𝑁 occupied spin orbitals (slater determinant). 
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Ψ(𝒙𝟏, … , 𝒙𝑵) = (𝑁!)+'/& ½
𝜙'(𝒙𝟏) … 𝜙c(𝒙𝟏)

⋮ ⋱ ⋮
𝜙((𝒙𝑵) … 𝜙c(𝒙𝑵)

½ (4.24) 

 the subscript 𝑖 identifies a particular choice of the four quantum numbers.[134] 

4.4.2. Crystal Field and Coupling Schemes (are Electrons in 
collective or individual Behavior?) 

Now, let’s restore the total Hamiltonian, Equation (4.20), where relative strength of the three 

(𝐻bb , 𝐻Lk , 𝐻lmL) terms leads into different limits,[114] 

1) Weak crystal Field Limit (𝐻Lk ≪ 𝐻lmL < 𝐻bb)  

Implying, that the crystal field can be treated as a perturbation over the ion energy 𝐿	&lr'  

terms, where 𝐿 and 𝑆 are the orbital and spin angular momenta. For example, trivalent 

rare earth complexes fall in this category, like Eu3+, where valence 4f electrons are highly 

shielded from CF. 

2) Strong crystal Field Limit (𝐻lmL < 𝐻bb < 𝐻Lk)  

Implying, that the crystal field dominate the interaction and splitting of the 𝐿	&lr'  terms, 

this usually the situation in TM complexes. 

3) Intermediate crystal Field Limit (𝐻lmL < 𝐻Lk < 𝐻bb)  

Implying, that the crystal field is stronger than SOC, and both are less than the valence 

electron repulsion, so, both of them can be treated as perturbations to the ion energy 

𝐿	&lr'  terms. An example for that is Eu2+ complexes. While their ground state is 

dominated by 4f7 highly shield (should follow limit 1), their lowest excited states involve 

excitations to 5d orbitals (should follow limit 2), leading to 4f65d1 configuration which 

now can be treated within the intermediate limit 3. While useful, this is in fact, a rather 

simplistic approximation of the problem. As it will be discussed later, systems bearing 

Eu2+ ions, need more rigorous treatment. 

 

Furthermore, SOC and valence electron interactions compete each other, leading to two 

distinct, total angular momentum, coupling schemes:[114] 
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1) 𝑳𝑺 −coupling occurs when the electrostatic interaction of valence electrons outweighs 

the SOC. In this scenario, the orbital momenta of all electrons are summed first to yield 

the total orbital momentum 𝑳, followed by the combination of their spin momenta to 

form the total spin momenta 𝑺 (Collective behavior). Ultimately, these total orbital and 

spin momenta, 𝑳 and 𝑺, are combined to establish the total angular momentum 𝑱 for a 

given configuration 

𝑳 = 𝒍Ç(
(

	 (4.25) 

𝑺 = 𝒔È(
(

	 (4.26) 

𝑱 = 𝑳 + 𝑺	 (4.27) 

In 𝐿𝑆-coupling, electrons exhibit a more collective behavior, joining forces to determine 

total orbital and spin momenta without individual consideration of SO coupling. 

2) 𝑱𝑱 −coupling arises in the opposite scenario, where the SOC interaction for an individual 

electron surpasses the interaction between electrons. This is prevalent in heavy atoms 

due to the proportional increase in SOC energy with the atomic number. In 𝐽𝐽 −coupling, 

the orbital and spin momenta of each electron are summed to obtain the total angular 

momentum 𝑗 for an individual electron (Individual behavior). These individual 𝑗 

momenta are then combined to form the total angular momentum 𝐽 for the electron 

configuration 

Ë(̂ = 𝒍Ç( + 𝒔È( 	 (4.28) 

𝑱 = Ë̂(
(

	 (4.29) 

In 𝐽𝐽 −coupling, the individual properties of electrons, specifically SO coupling, 

dominate, and electrons exhibit a more individual behavior compared to 𝐿𝑆-coupling. 

Depending on the angular momentum coupling type, distinct sets of quantum numbers are 

used for describing electronic states. In 𝐿𝑆 −coupling, the four quantum numbers 𝐿,𝑀K , 𝑆, and 
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𝑀l uniquely describe multielectron states, while in 𝐽𝐽 −coupling, the 𝑛𝑙𝑗𝑚 set is employed for 

characterizing multielectron states.  

4.4.3. CF Splitting and CF States 

Within the CF effect, the ligands in the vicinity of the ion will affect and split the orbitals, most 

importantly f	and	d orbitals, according to the strength and spatial distribution (symmetry) of 

the ligands around the ion. Figure 4.1, give an example of the splitting of 5d orbital, known as 

10𝐷𝑞, under different local ligand symmetry. 

 

 

Figure 4.1. The arrangement of ligands (black dots) around a central metal ion (blue dot) and 

the crystal field splitting of d orbital in different symmetries: a) octahedral, (b) cubic, and c) 

tetrahedral. 

 

Within the same type of ligand and M-L distances under the three cases (octahedral, cubic, 

and tetrahedral) gives the following relative splittings,[98, 114] 

𝐷𝑞(𝑜𝑐𝑡𝑎ℎ𝑒𝑑𝑟𝑎𝑙) = −
9
8𝐷𝑞

(𝑐𝑢𝑏𝑖𝑐) = −
9
4𝐷𝑞

(tetrahedral)	 (4.30) 

It is important to emphasize that none of these (atomic or CF) orbitals are observables, in 

reality, the chemical systems are found in states. For example, for a TM ion with a valence d1 
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Figure 5.5 The arrangement of B ligand ions (black dots) around a central ion A (located
in the cube center, but not displayed in the figure): (a) octahedral, (b) tetrahedral, and (c)
cubic.

arrangement in Figure 5.5(b) corresponds to an AB4 center with a tetrahedral structure.
This arrangement (Td symmetry) consists of four ligand B ions located at the alternate
vertices of the regular cube – that is, at the vertices of a regular tetrahedron – while
the ion A lies at the cube center. If we preserve the cube side as 2a, the distance A–B
is now a

√
3. The arrangement of Figure 5.5(c) corresponds to an AB8 center with

cubic symmetry (Oh symmetry). This center can be visualized by locating the eight
B ligands at the cube corners, with the central ion A at the cube center. Again the
distance A–B is a

√
3.

The regular cube used in Figure 5.5 to represent different symmetry centers sug-
gests that these symmetries can be easily interrelated. In particular, following the
same steps as in Appendix A2, it can be shown that the crystal field strengths, 10Dq,
of the tetrahedral and cubic symmetries are related to that of the octahedral symmetry.
Assuming the same distance A–B for all three symmetries, the relationships between
the crystalline field strengths are as follows (Henderson and Imbusch, 1989):

Dq(octahedral) = − 9
4 Dq(tetrahedral) = − 9

8 Dq(cubic) (5.7)

We then see that the crystalline field splitting in octahedral symmetry is larger
by a factor of 9/4 than in tetrahedral symmetry, and larger by a factor of 9/8 than in
cubic symmetry. The minus sign indicates an inversion of the eg and t2g levels with
respect to the octahedral field, as shown in Figure 5.6. Therefore, all calculations
of the crystalline field splitting carried out for the AB6 center can be used, with the
appropriate changes in the 10Dq values, for the AB4 and AB8 centers displayed in
Figures 5.5(b) and 5.5(c).

Finally, we must say that the calculation of the crystalline field splitting for multi-
electron dn states is much more complicated than for d1 states. For dn states (n > 1),
electrostatic interactions among the d electrons must be taken into account, together
with the interactions of these valence electrons with the crystalline field.
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Figure 5.5 The arrangement of B ligand ions (black dots) around a central ion A (located
in the cube center, but not displayed in the figure): (a) octahedral, (b) tetrahedral, and (c)
cubic.

arrangement in Figure 5.5(b) corresponds to an AB4 center with a tetrahedral structure.
This arrangement (Td symmetry) consists of four ligand B ions located at the alternate
vertices of the regular cube – that is, at the vertices of a regular tetrahedron – while
the ion A lies at the cube center. If we preserve the cube side as 2a, the distance A–B
is now a

√
3. The arrangement of Figure 5.5(c) corresponds to an AB8 center with

cubic symmetry (Oh symmetry). This center can be visualized by locating the eight
B ligands at the cube corners, with the central ion A at the cube center. Again the
distance A–B is a

√
3.

The regular cube used in Figure 5.5 to represent different symmetry centers sug-
gests that these symmetries can be easily interrelated. In particular, following the
same steps as in Appendix A2, it can be shown that the crystal field strengths, 10Dq,
of the tetrahedral and cubic symmetries are related to that of the octahedral symmetry.
Assuming the same distance A–B for all three symmetries, the relationships between
the crystalline field strengths are as follows (Henderson and Imbusch, 1989):

Dq(octahedral) = − 9
4 Dq(tetrahedral) = − 9

8 Dq(cubic) (5.7)

We then see that the crystalline field splitting in octahedral symmetry is larger
by a factor of 9/4 than in tetrahedral symmetry, and larger by a factor of 9/8 than in
cubic symmetry. The minus sign indicates an inversion of the eg and t2g levels with
respect to the octahedral field, as shown in Figure 5.6. Therefore, all calculations
of the crystalline field splitting carried out for the AB6 center can be used, with the
appropriate changes in the 10Dq values, for the AB4 and AB8 centers displayed in
Figures 5.5(b) and 5.5(c).

Finally, we must say that the calculation of the crystalline field splitting for multi-
electron dn states is much more complicated than for d1 states. For dn states (n > 1),
electrostatic interactions among the d electrons must be taken into account, together
with the interactions of these valence electrons with the crystalline field.
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electron configuration, under cubic field, it transformed into 𝑒s' leading to 𝐸s	&  and the lowest 

excited state (𝑒s	 → 𝑡&s), leading to 𝑇&s	
& . So, we can experimentally detect, the energy 

difference between these two states through absorption or emission of light matching this 

difference. While through this simple case, the transformation looks very trivial, the situation 

will rapidly become complex with more electrons or with multiple open valence shells.[98, 

114] 

4.4.4. Covalency and chemical bonding (Ligand Field Theory) 

Within the CF theory, the surrounding ligands are treated as point charges (ionic picture), 

ignoring their electronic structure. However, the covalent interactions between the metal center 

and the ligands are  important and should be considered. The nature of these interactions 

determines the electronic configuration, stability, and properties of the TM and RE 

complexes.[93, 103, 135] 

The ligands can be categorized based on their electron-donating abilities. In the case of 

TMCs, ligands usually act as Lewis bases, with some serving predominantly as 𝜎 −donors 

(donating electrons to metal orbitals directly) and others as 𝜋 −donors or 𝜋 −acceptors 

(interacting with metal orbitals through the π-system). The 𝜎 and 𝜋 interactions contribute to 

the overall ligand field around the metal center, as shown in Figure 4.2. This effect is 

commonly referred as covalency, describing the delocalization of electronic density from 

ligand to metal, and vice versa. This mutual sharing of electron density leads to changes in the 

electronic structure and, consequently, influences the optical properties of the system. The 

covalent interaction between the metal and ligands results in different bonding scenarios, 

impacting the distribution of electrons within the complex. This interplay is fundamental in 

understanding the intricate electronic configurations and optical behaviors observed in 

transition metal complexes, particularly those involving the d-block metals mentioned in the 

provided text. 

As shown in Figure 4.2, the covalency interaction is contingent upon the overlap integral 

between the metal center and ligand orbitals. This interplay gives rise to bonding and anti-

bonding orbitals, a scenario typically observed in d-containing complexes. When the overlap 

is zero, the metal orbital assumes a non-bonding character, making the ionic picture apt. This 

circumstance holds true, especially for 4f electrons, owing to the spatial compactness of these 
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orbitals and their shielding by outer closed shells, although the covalency effect is more 

pronounced for larger 5f orbitals.[136, 137] 

Within this picture, except for metal centered (MC) electronic transitions between non-

bonding orbitals, e.g., (d→ d, f→ d, or f→ d, ..., etc.), all the other transitions can be described 

as charge transfer (CT) transitions. As illustrated in Figure 4.2, CT transition could be metal 

to ligand CT (MLCT), or ligand to metal CT (LMCT). In addition, there are possibilities for 

ligand centered (LC) charge transfer where the transition occurred within the same ligand, or 

it could be from ligand to another ligand charge transfer (LLCT). 

 

 

Figure 4.2. A simplified molecular orbital diagram for TM complex, depicting the relative 

spectroscopic excitation transitions including MC, LC, MLCT, and LMCT. The bonding (𝜎, 𝜋) 

and antibonding (𝜎∗, 𝜋∗) molecular orbitals are presented with subscripts indicating only the 

dominating component, (𝑀 or 𝐿) for metal or ligand, respectively. 
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4.4.5. Effective Hamiltonian 

The accurate description of LF effects, on the electronic structure and transitions in d and f 

metal complexes, is very crucial to understand and predict electronic, optical and magnetic 

properties.[103] However, the complete description of the ligand field effect comes with the 

inherent challenge of representing the complete Hamiltonian for a metal-ligand system, making 

it impractical to calculate precise energies and projected WFs in the complete space.  

One of the most promising approaches for treatment such complex problem is the effective 

Hamiltonian (EH) approach. The strength of EHs in description of such complex problems lies 

in their ability to isolate relevant degrees of freedom and use them to construct low-dimensional 

models, often very easy to solve with minimal computational effort.[138] Let us consider a 

system described by a Hamiltonian (𝐻�) acting in the complete Hilbert space ℋ, while the 

isolated manifold of 𝑀 eigenstates of and effective Hamiltonian *𝐻�tuu	,, which belongs to a 

smaller ℋ@ Hilbert space. The goal is to construct an effective Hamiltonian such that, 

𝐻�tuu	�Ψ�v� = 𝐸v�Ψ�v�, �Ψ�� ∈ ℋ@, 𝐼 = 0,… ,𝑀	 (4.31) 

𝐻�|Ψv⟩ = 𝐸v|Ψv⟩, |Ψ⟩ ∈ ℋ 	, 𝐼 = 0,… ,∞	 (4.32) 

This is achieved through the recasting of matrix elements in terms of effective parameters. 

EH theory offers distinct advantages by explicitly deriving model Hamiltonians from more 

comprehensive ones, ensuring both robust qualitative and quantitative insights into the 

chemical and physical description of the system. EHs play a pivotal role in rationalizing 

complicated properties of transition metal complexes, from magneto-structural correlations to 

the analysis of ligand fields.[138] 

In this context, ab initio ligand field theory (AILFT) emerges as a potent tool, the ligand 

field interactions are described by a group of ligand field parameters (known as Slater-Condon 

or Racah parameters),[103] which used to construct an EH operator which can retain the 

original full Hamiltonian but with significantly reduced dimensionality. The EH model is 

established through a perturbation approach to the metal WFs. That includes the two significant 

interactions arising from metal interelectronic repulsion and ligand field interaction. The latter 

considers the influence of the chemical environment on the metal ion, including the SOC 

interaction. In ORCA, such AILFT EHs can be constructed, for example, utilizing the 

CASCI/CASSCF Hamiltonians followed by MRPT method like NEVPT2 to introduce 

dynamic correlation to enhance the quantitative accuracy.[139] 
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Finally, another pivotal example showing the strength of EHs lies in the description of 

magnetic structure and properties like zero-field splitting (ZFS) of the relativistic ground or 

isolated excited states through the spin Hamiltonian (SH) approach, as discussed in Section 

4.4.7. 

4.4.6. Spin-orbit Coupling on the Basis of Quasi Degenerate 
Perturbation Theory 

 As has been repeatedly shown spin-orbit coupling (SOC) along with the Zeeman 

interaction can be introduced in the framework of quasidegenerate perturbation theory 

(QDPT).[79, 140-145] [146-148] In the QDPT scheme SOC and Zeeman interactions act as 

perturbation to the non-relativistic Hamiltonian which takes the form:  

¢Ψv
lf&�𝐻�wm + 𝐻�lmL + 𝐻�n�Ψx

l'f&'¤ = 𝛿vx𝛿ll'𝛿ff'𝐸vl + ⟨Ψv
lf&�𝐻�lmL + 𝐻�n�Ψx

l'f&'⟩	 (4.33) 

where, 𝐻�wm , 𝐻�n are the Born-Oppenheimer and Zeeman Hamiltonians. 𝑆,𝑀< are the spin and 

spin projection of the state |Ψ	lf&⟩. 

 In this approach, the SOC operator is approximated by the spin-orbit mean field (SOMF) 

operator[149], which is an effective one-electron operator that contains one- and two-electron 

SOC integrals and also incorporates the spin-other orbit interaction. Hence,	𝐻lmL  is given by 

Equation (4.34). 

𝐻�lmL = ℎlmL(𝑥()	𝑠(𝑖)
(

	 (4.34) 

where, ℎlmL(𝑥() is the effective mean-field one-electron spin-orbit operator, (𝑥()	and	𝑠(𝑖) 

refer to the coordinates and spin-operator of electron 𝑖, respectively. By making use of the 

Wigner-Eckart theorem and the properties of the spin operators, the calculation of the matrix 

elements of the SOMF operator is given by 

⟨Ψvlf|𝐻�lmL�Ψxl
'f'� =   (−1)P

P_*,±'

	i 𝑆
@ 1

𝑀@ 𝑚£
𝑆
𝑀lx

⟨Ψvll|𝐻�+PlmL�Ψxll�ÝÞÞÞÞßÞÞÞÞà
{(('
))'(P)

	 (4.35) 

where, 𝑚 represents the standard vector operator components. i𝑆
@ 1

𝑀@ 𝑚£
𝑆
𝑀l is a Clebsch-

Gordon coefficient that has a single numerical value that is tabulated. It satisfies certain 
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selection rules and contains all of the M-dependence of the SOC matrix elements. The quantity 

𝑌vv'
ll'(𝑚) is a reduced matrix element. It only depends on the standard components of the two 

states involved. It has been shown that there are only three non-zero 𝑌vv'
ll'(𝑚) cases that arise 

from state pairs that either have the same total spin or differ by one unit[150]: 

𝑌vv'
ll'(−𝑚) = 	

á𝑆(𝑆 + 1)
𝑆 �Ψv⬚	

ll � 𝑧+P(𝑖)	𝑠̂*(𝑖)
(

�Ψv'
ll�	 (4.36) 

𝑌vv'
llr'(−𝑚) = 	r

2𝑆 + 3
2𝑆 + 1 �Ψv⬚

	ll � 𝑧+P(𝑖)	𝑠̂+'(𝑖)
(

�Ψv'
lr'	lr'�	

(4.37) 

𝑌vv'
ll+'(−𝑚) = �Ψv⬚	

ll � 𝑧+P(𝑖)	𝑠̂r'(𝑖)
(

�Ψv'
l+'	l+'�	 (4.38) 

Finally, in absence of external magnetic field, the Zeeman Hamiltonian and can be excluded. 

4.4.7. Spin Hamiltonian - Zero-Field Splitting for ground and 
excited multiplets 

A full analytical solution of the SH eigenvalue problem for the 𝑆 > 	1/2 cases can be found in 

several textbooks.[151-153] The ZFS, expressed in terms of the 𝑫 tensor, is the leading SH 

parameter for systems with a spin ground state 𝑆 > 1/2.[154] The ZFS describes the lifting of 

the degeneracy of the 2𝑆 + 1 magnetic sublevels 𝑀𝑠 = 𝑆, 𝑆 − 1,… ,−𝑆, which are exactly 

degenerate at the level of the Born-Oppenheimer (BO) Hamiltonian, in the absence of an 

external magnetic field. To first order in perturbation theory, the ZFS arises from the direct 

magnetic dipole spin-spin interaction between unpaired electrons (spin-spin coupling, SSC). 

To second order, contributions arise from the spin-orbit coupling (SOC) of electronically 

excited states into the ground state. These effects can be phenomenologically collected in the 

usual SH: 

𝐻�nkl = 𝑆Ç	𝑫𝑆Ç	 (4.39) 

where 𝑆Ç	is the fictitious spin of the considered state. The ZFS parameters are defined in terms 

of the principal values of the 𝑫 tensor, by 𝐷 = j
&
𝐷qq and 𝐸 = '

&
*𝐷99 − 𝐷::,, in a coordinate 

system that diagonalizes 𝑫. Typically, ZFS 𝑫 tensor in the SH is set to traceless and symmetric 
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(e.g. the ZFS matrix is diagonal in its eigenframe). Then, Equation (4.39) can be rewritten, in 

which 𝐷 and 𝐸 represent the axial and the rhombic components of the ZFS, respectively. 

𝐻nkl = 𝐷[𝑠q& − 𝑆(𝑆 + 1)/3] + 𝐸*𝑆9& − 𝑆:&,	 (4.40) 

The choice of the axis is based on the 0 ≤ 𝐸/𝐷 ≤ 1/3 convention. As shown in Figure 4.3, at 

zero filed for a triplet 𝑆	 = 	1 case the ZFS term in Equation (4.40) gives rise to three magnetic 

sublevels (𝑀l = 0,±1	) and eigenvalues (𝐸?), expressed by Equations (4.41). 

|𝑆,𝑀l⟩ = |1,0⟩,
1
√2

{|1, +1⟩ + |1, −1⟩},
1
√2

{|1, +1⟩ − |1, −1⟩}

𝐸? = −
2
3𝐷,

1
3𝐷 + 𝐸,

1
3𝐷 − 𝐸

 (4.41) 

 

Figure 4.3. The Zero Field Splitting (ZFS) of three magnetic sublevels for spin triplet states, 

assuming 𝐷 > 0. 

 

4.4.7.1. Calculation of zero field splitting (ZFS) 

As discussed above the ZFS parameters can be calculated from first principles.[155] This 

requires explicit treatment of the SOC, which can be rigorously calculated using the QDPT, on 

the basis of non-relativistic states. In practice one needs an approximate solution of the BO 

Hamiltonian of a multireference type, such as CASSCF, MRCI, as discussed further in Chapter 

5, in the form given in Equation (4.42). 
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|Ψvll⟩ = 𝐶|v 	�Φ|
ll�

|

	 (4.42) 

Here, the upper indices 𝑆𝑆 stand for a many-particle wavefunction with spin quantum number 

𝑆 and spin projection quantum number 𝑀𝑠	 = 	𝑆. Since the BO Hamiltonian does not contain 

any complex valued operator, the |Ψvll⟩ solutions may be chosen to be real-valued. Introduction 

of SOC requires the lift over of the (2𝑆 + 1)	degeneracy of the total spin 𝑆  𝐻wm eigenfunctions. 

Thus, the basis of the treatment is the |Ψvlf⟩ states, in which 𝐼 covers all the roots calculated 

in the first step of the procedure and 𝑀	 = 	-𝑆,… , 𝑆 enumerates all members of a given 

multiplet. Matrix elements over the  |Ψvlf⟩ functions are readily generated using the Wigner-

Eckart theorem, since all (2𝑆 + 1)	members of the multiplet share the same spatial part of the 

wavefunction.[156] 

Calculation of ZFS can be effectively calculated based on effective Hamiltonian theory. This 

yields the entire 𝑫-tensor rather than only the 𝐷 and 𝐸 values. This method has been fully 

implemented in the ORCA suite of programs counting already many successful 

applications.[157-162]  

Within this approach, the effective Hamiltonian, similar to Equation (4.31), reproduces the 

energy levels of the “exact” Hamiltonian 𝐸v and the wavefunctions |Ψvlf⟩ of the considered 

states projected onto a model space Ψ�v, as depicted in Equation (4.43).  

𝐻�tuu�Ψ�vlf� = 𝐸v�Ψ�vlf�	 (4.43) 

These projected vectors �Ψ�vlf� are then symmetrically orthonormalized resulting in Hermitian 

effective Hamiltonian, which can be written as 

𝐻�tuu�Ψ�}lf� = �Ψ�}lf�	𝐸} 	�Ψ�}lf�	
}

		 (4.44) 

The effective interaction matrix obtained by expanding this Hamiltonian into the basis of 

determinants belonging to the model space, is compared to the matrix resulted from expanding 

the model Hamiltonian. 
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5 Electronic Structure Methods for Ground and Excited 
States 

 

The milestone of quantum chemistry is solution of Schrödinger equation (SE), but it is exactly 

solvable only for very simple systems. This chapter briefly introduces the methods employed 

in this study for computing the electronic structure, the ground and excited states, of multi-

electron systems including atoms, molecules, solids. Through these methods the electronic 

structure and other properties of the chemical system in ground and excited states can be 

computed, understood in different conditions. [92, 95, 107, 109] 

The different approaches can be grouped into two main categories. The wavefunction-based 

approaches and the density-based particle/hole methods.  The entry step into the wavefunction-

based approaches is Hartree-Fock (HF) method which lacks correlation energy. Correlation 

energy can be partially or completely recovered by post HF methods including configuration 

interaction (CI), couple cluster (CC) and multi-configurational self-consistent-field (MCSCF) 

methods as well as many-body perturbation theory (MBPT). In contrast, the density-based 

methods comprise primarily by the density functional theory (DFT), which encompasses 

various functional variations, and time-dependent DFT (TD-DFT) for computations of excited 

states. 

5.1. Wavefunction Methods 

5.1.1. Hartree-Fock (HF) Method 

Within the BO approximation introduced in Section 4.3, and as discussed earlier in Section 

4.4.1, the simplest antisymmerized many-electron wavefunction |Ψ⟩ which can describe the 

ground state of 𝑁-electron system can be written as a single slater determinant (SD) of a set of 
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𝑘 one-electron spin orbitals {𝜙7(𝒙𝒋)} with 𝒙𝒋 is electron coordinate [both space and spin; 𝒙𝒋 =

(𝒓𝒋, 𝒔𝒋)], which takes the form, 

Ψ(𝒙𝟏, … , 𝒙𝑵) = (𝑁!)+'/&	|𝜙'(𝒙𝟏)…𝜙7(𝒙𝑵)| (5.1) 

It is important to remark that, by construction, that SD introduces the effect of exchange 

correlation between electrons with the same spin however it completely loses other correlations 

between electrons with opposite spin.[92] 

HF approximation is the core approximation in quantum chemistry and its solution provides 

a good start for higher accurate methods as discussed later. The HF 𝑁-electron wavefunction 

of the system ground state can be write as SD, Equation (5.1), which can be shortened as 

|Ψ~k⟩ = |𝜙'𝜙&…𝜙I𝜙J …𝜙c⟩ (5.2) 

In HF method, the total electronic eigenvalue problem in Equation (4.19) is approximated 

into a set of one-electron eigenvalue problems 

𝑓Ç	|𝜙I⟩ = 𝜀(|𝜙I⟩ (5.3) 

where, Fock operator 𝑓Ç is an effective one-electron Hamiltonian operator and can be written as 

𝑓Ç(1) = ℎ(1) + 𝑣~k(1) (5.4) 

 where, ℎ(1) is core-Hamiltonian operator and 𝑣~k(1) is an effective one-electron potential 

operator known as Hartree-Fock potential, which approximate the severely problematic two-

electron operator 𝑟'&+'. So, instead of calculating the electron-electron interaction explicitly, it 

will be approximated as an average potential 𝑣~k(1) on electron 1 occupying orbital 𝜙I, 

arising from clouds of the rest 𝑁 − 1 electrons in the other spin orbitals. The Hartree-Fock 

potential can be written in terms of coulomb 𝐽Ç and exchange 𝐾� operators, 

𝑣~k(1) = 𝐽ÇJ(1) − 𝐾�J(1)
J

 (5.5) 

That leads to 𝑁 HF equations of eigenvalue problem as described in Equation (5.3), one for 

each occupied molecular spin orbital 𝜙I and the eigenvalue 𝜀I	is the orbital energy of electron 

occupying this spin orbital. 
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In fact, it is a pseudo-eigenvalue problem (nonlinear), due to the functional dependence of 

Fock operator 𝑓Ç(1) on the pseudo-eigenfunction (the solution) {𝜙I}, through the coulomb and 

exchange operators.  Due to the nonlinearity of HF equations, they shall be solved interactively 

by self-consistent-field (SCF) approach. A trial initial orbital can be used to solve the “pseudo” 

HF equations providing an improved set of orbitals which can be reintroduced into the 

calculation as trial orbitals. The process is repeated in SCF cycles until energy variationally 

converged regarding to some chosen convergence thresholds. [87, 172, 174] 

HF solution have three distinct variations: restricted closed-shell HF (RHF), where the 

spatial components of spin orbitals are identical within each pair of electrons; its open-shell 

counterpart, ROHF, allowing singly occupied orbitals; and unrestricted HF (UHF), where 

opposing spin electron pairs are not bound to have the same spatial components.[92, 95] 

5.1.2. Correlation Energy 

HF ground state wavefunction |Ψ~k⟩ is a good approximation of the many-body electronic 

wavefunction but not the ‘exact’ wavefunction, due to loss of electron correlation. HF method 

capture  ~99% of the total energy and successfully introduced the correlation of electron 

exchange between electrons with parallel spins (fermi hole between electron of the same spin). 

Despite that, HF is a mean field approach where the instantaneous electron-electron interaction 

𝑟'&+'   is not explicitly considered, and instead it is approximated in average way. This missing 

part is known as dynamic correlation.[92] 

Another deficiency of HF approximation, arise from the fact that the total wavefunction is 

not necessary well represented by a single slater determinant (single configuration of occupied 

orbitals) and wavefunction should be extended to include all the excited determinants, this is 

known as static correlation. This problem will make HF and similar single-determinantal 

methods to completely fail in systems with (nearly-)degenerate determinants to the ground 

state determinant.[163] 

Several methods, post-HF methods, were introduced to incorporate missing correlation in 

HF and recover the correlation energy 𝐸�#88, defined as the difference between the exact energy 

ℰ* of the non-relativistic Hamiltonian within BO approximation and the corresponding HF 

limit energy 𝐸*, obtained with a complete infinite basis set,[92] 
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𝐸�#88 = ℰ* − 𝐸* (5.6) 

It is crucial to acknowledge that despite the typically small correlation energy  𝐸�#88, usually 

of the order of ≤ 1% of the total energy, but it dominates all intra and intermolecular 

interactions in the chemical system. So, the evaluation of any computational method to describe 

chemical or physical properties or interactions is determined by the capability to accurately 

determinate the correlation energy and to reach the chemical accuracy (≤ 1 kcal/mol error).[86] 

Since the original HF method does not take into account electron correlation effects, in order 

to get the results in better agreement with experiment, a few extensions, the so-called post-HF 

methods, have been proposed, e.g., Configuration interaction (CI),[164-168] multi 

configurational self-consistent field (MCSCF) methods,[169, 170] Møller–Plesset Perturbation 

Theory[171-175], and  Coupled Cluster (CC) Theory.[176, 177] Such extensions may improve 

considerably the quality of calculations, but at the expense of significantly higher demand for 

computer resources and calculation time.  

5.1.3. Configuration Interaction (CI) 

Electronic configuration refers to the distribution of electrons within atomic or molecular 

orbitals of atoms/ions, or molecules, respectively. The electronic configuration can be 

expressed using a numerical scheme, wherein virtual molecular orbitals (VMOs) are assigned 

a value of 𝟎, whereas singly occupied MOs (SOMOs) and doubly occupied MOs (DOMOs) 

are represented by values of 𝟏 and 𝟐, respectively.  The electronic configuration is based on 

the Pauli exclusion principle and Hund's rule, which govern how electrons fill orbitals in order 

to achieve the most stable configuration. Excited configurations can also be constructed, 

involving occupancy of higher energy orbitals. These excited configurations play a role in 

understanding electronic transitions, leading to absorption emission processes. 

Each configuration can give rise to several configuration state functions (CSFs) for the same 

total spin 𝑆 and spatial part but differ in their intermediate couplings. CFS is a symmetry-

adapted linear combinations of SDs. CFS captures the different electronic configurations that 

contribute to the overall wavefunction, considering electron spin and spatial wavefunction 

combinations and constructed as eigenfunctions of 𝑆&º	 and 	𝑆q�  operators.[92, 95] 

A good start for all post-HF method is HF ground state wavefunction |Ψ~k⟩. In HF 

calculations on a molecule with 𝑁 electrons and 2𝐾 basis functions, obtains a set of 2𝐾 
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orthonormal molecular spin orbitals {𝜙(} as lowest energy 𝑁 occupied and 2𝐾 − 𝑁 virtual 

orbitals. The single determinant formed from former orbitals gives |Ψ~k⟩. In addition, *&}c , 

𝑁 −tuply excited determinants can be constructed.[92, 95] 

To recover the electron correlation, the exact many-body ground state wavefunction |Φ⟩ can 

be expressed as a linear combination of all the determinants arising from HF spin orbitals, 

which refers as configuration Interaction (CI). The total exact WF |Φ⟩ can be written as follows 

|Φ⟩ = 𝑐*|Ψ~k⟩ + 𝑐I8|ΨI8⟩
I8

+ 𝑐IJ8< |ΨIJ8<⟩
IdJ
8d<

+   𝑐IJ�8<$ |ΨIJ�8<$ ⟩
IdJd�
8d<d$

+⋯ (5.7) 

where, 𝑐s are the expansion coefficients. 𝑎, 𝑏, 𝑐, … and 𝑟, 𝑠, 𝑡, … represent the occupied and 

virtual orbitals, respectively while  |ΨI8⟩, |ΨIJ8<⟩, |ΨIJ�8<$ ⟩, … are the singly, doubly, triply, … 

excited determinants, respectively. To achieve the exact |Φ⟩ of the system, expansion 

coefficients (𝑐s) can be interactively optimized in the framework variational principle, as 

depicted in Section 4.1.2. 

The CI method includes all excited determinants, known as the full CI (FCI) method. 

Although FCI represents the exact solution of the many-electron problem, but the 

computational cost increases exponentially with the number of electrons, making it feasible 

only for very small systems. That implies truncation of less important excitations. For instance, 

CIS involves only single excitations from the reference determinant. While CIS approximates 

excited states, it doesn't affect the ground state energy due to no mixing between the ground 

state and single excitations ⟨Ψ~k|𝐻|ΨI8⟩ = 0 (Brillouin’s theorem).[92] A refinement in ground 

state energy accounting for electron correlation is achieved by applying CID (CI with double 

excitations). The most common implementation of the CI method is CISD method, involves 

single and double excitations. The CISD method is often used in electronic structure 

calculations to describe the excited states of molecules. In CISD method, in addition to double 

excitations mixing, now single excitations can indirectly mix with the ground state. That takes 

place through non-zero coupling of ⟨Ψ~k|𝐻|ΨIJ8<⟩ and ⟨ΨI8|𝐻|ΨIJ8<⟩. Higher excitations could 

be also included, for example, CISDT incorporates single, double, and triple excitations.[92, 

95]  

While the CI method is variational, a lack of size-consistency (extensivity) is a deficiency 

of truncated CI. The energies of individual subsystems may not sum up to the energy of the 

composite system, and the quality of the approximation deteriorates rapidly with increasing 
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molecular size. Thus, complex size-extensive CI methods like ECISDT and ECISDTQ are 

required to restore size consistency.[178] Nonetheless, CI methods remain computationally 

demanding, suitable only for small systems in the current scenario. 

5.1.4. Multiconfigurational self-consistent field methods (MCSCF) 

MCSCF method provide a robust representation of complex electronic structures wherein 

single electron configuration methods, like RHF/UHF and RKS/UKS-DFT methods, are 

inadequate and CI methods are not computationally feasible. This arises in server important 

chemically important system and interactions, for instance, chemical bond formation or 

cleavage, diradicals, magnetic anisotropy, and transition/rare-earth metal-based systems.[79, 

92, 137, 140, 159, 179-183] 

In the MCSCF method, the 𝑁-electron wavefunction for specific state 𝐼 with total spin 𝑆, 

can be expressed in CI form as 

�ΨfLlLk,v� = 𝑐7,v|Ψ7	 ⟩
7

 (5.8) 

which is represented as a linear combination of a set of CSFs |Ψ7	 ⟩ (or Slater determinants), 

each adapted to the total spin 𝑆. The expansion coefficients 𝑐7,v are determined variationallly, 

as is typical for CI wavefunctions. Now, to get the accurate �ΨfLlLk,v�, both the |Ψ7	 ⟩ and 

coefficients (𝑐s) are interactively optimized, within the variational principle, in the frameworks 

of SCF and CI, respectively.  

An important MCSCF approach is the complete active space SCF method (CASSCF), where 

the linear combination of CSFs includes all that arise from a particular number of electrons in 

a particular number of orbitals, known as active space while the rest MOs (internal DOMOs 

and external VMOs) are kept frozen, as schematically shown in Figure 5.1.[107] Within the 

active space, all excitations (full CI) are allowed. Unlike HF theory, where orbitals are 

optimized to minimize the energy of a single Slater determinant, MCSCF/CASSCF goes a step 

further, allowing the molecular orbitals themselves to adjust during the calculation that 

minimize the CI energy to achieve more accurate wavefunction description. 

In case, the CASSCF CI parameters and active orbitals are optimized for an individual state 

𝐼, this called state-specific CASSCF (SS-CASSCF). However, in various instances, it becomes 

advantageous to optimize orbitals not solely for an individual state, but rather for an average 
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across multiple states leading to state-average CASSCF (SA-CASSCF).[169, 184] 

Alternatively, the active orbitals can be restricted to build the CI matrix without an SCF 

optimization step, that is known as CASCI method.  

In some cases, CASSCF WF is difficult to converge, or becomes very demanding. One 

possible solution is to restrict the possible excitation within the active space leading to 

restricted active space CI (RASCI)[185] or its SCF variant (RASSCF)[186]. In the 

RASSCF/RASCI, the active space is divided into three subspaces, labelled RAS I, RAS II, and 

RAS III. Now, the determinants to enter CI are selected as all those which have no more than 

𝑛 holes in RAS I, and no more than 𝑚 particles in RAS III, where n and m are user-defined. 

Simultaneously, all excitations (full CI) are allowed in RAS II. 

MCSCF methods, usually capture all the static correlation, however missed the dynamic 

correlation. To restore it, |ΨfLlLk⟩ are usually used as a reference for multi-reference 

configuration interaction (MRCI), multi-reference perturbation theories like CASPT2 and 

NEVPT2,[187] as will be discussed in Section 5.1.6.  

 

Figure 5.1. Schematic representation of the construction of the orbital space for 

CASSCF/CASCI (left) and RASSCF/RASCI (right) calculations.  
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5.1.5. Iterative-Configuration Expansion Configuration Interaction 
(ICE-CI) 

While achieving results close to CI accuracy, requires a substantial expansion of the active 

space. This expansion comes with a noteworthy computational cost and sometimes is not easily 

achievable employing previous methods. Recent advancements in approximate methods, such 

as iterative configuration expansion (ICE-CI)[188, 189] and density matrix renormalization 

group (DMRG),[190] have proven in efficiently addressing large active spaces at a reasonable 

cost. These developments are particularly relevant in computations related to the magnetic 

anisotropy or excitation spectra of multi-metallic centers, especially when dealing with very 

large active spaces.[115] 

ICE-CI, with the capability to manage a few dozen electrons and orbitals, introduces modern 

tree-based methods for determinant, configuration, or CSF generation. When utilized to 

formulate the CI problem, ICE-CI establishes a streamlined, efficient, and highly adaptable 

framework. This framework proves instrumental in resolving complex and incomplete CI 

problems across diverse chemical spin and symmetry systems.  

In essence, when ICE-CI adopts the CSF generation method, its primary role is to produce 

a succinct wavefunction capturing only the most significant CSFs. The iterative process 

involves an initial step of selecting a "generator" set, including the HF ground state CSF and 

the single and double excited CSFs with the strongest interactions with the HF ground state. 

Subsequently, new single and double excited CSFs are generated based on this "generator" set, 

and only those with the most substantial interactions are incorporated into the set. This iterative 

procedure persists until the wavefunction achieves convergence.[188, 189] 

5.1.6. Perturbation Theory Methods: MP2, NEVPT2 and QD-NEVPT2 

While the main focus of the methods introduced so far was on improving the wavefunction to 

recover the electron correlation energy, the perturbation methods introduced in this section rely 

on changing the operator – here the Hamiltonian – acting on the wavefunction to do so. As 

previously introduced in Section 4.1.3, a perturbation operator 𝑉�  is added to the ground state 

(zeroth-order) Hamiltonian 𝐻�	
(*) as shown in Equation (5.9).  

𝐻�	 = 𝐻�	
(*) + 𝜆𝑉�  (5.9) 
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Here, the parameter 𝜆 varies between zero and one. When	𝜆 is zero, the resulting Hamiltonian 

is equivalent to the zeroth-order operator 𝐻�	
(*), and when it is one, it corresponds to the 

anticipated correct Hamiltonian 𝐻�	. This operator can be incorporated into the TI-SE, Equation 

(4.6), aiming to recover the missing electron correlation through the added perturbation. Unlike 

previously described methods, this approach is size-extensive but not variational. 

Consequently, it does not necessarily yield a higher energy than the exact energy due to its non-

variational nature.[191]  

One frequently employed technique based on this approach involves the many-body 

perturbation method known as MPPT (Møller-Plesset Perturbation Theory). In this context, the 

zeroth-order Hamiltonian, denoted as 𝐻�	
(*), is all the one-electron Fock operators. The 

perturbation operator 𝑉�  addresses the issue by correcting the electron repulsion. The MP 

perturbation operator 𝑉�  is given by Equation (5.10).[192] 

𝑉� = 𝐻�	 − 𝐻�	
(*) =  

1
𝑟(?(�?(

−  °𝐽(? −
1
2𝐾(?±

?(

 (5.10) 

The zeroth-order perturbation outcome represents the energy across all non-interacting 

orbitals. Upon inclusion of the first-order perturbation involving 𝑉� , the HF energy is obtained 

by definition. The initial correction to the energy concerning electron correlation emerges 

through second-order perturbation, leading to the MP2 method (Møller-Plesset second-order 

perturbation).[171, 172] It is feasible to incorporate higher-order perturbations (MP3, MP4, …, 

MPn), albeit these are considerably more computationally demanding.[95, 173-175, 192] 

In the MP2 approach, the HF ground state single-configurational wavefunction |Ψ~k⟩ serves 

as the basis. Unlike other perturbation methods based on the same principle of introducing a 

perturbation operator, which employ a multi-configurational wavefunction. In most instances, 

this takes the form of a CASSCF wavefunction. Two famous methods that follow this approach 

are NEVPT2 (N-electron valence state perturbation theory of second order)[193-195] and 

CASPT2 (complete active space perturbation theory of second order)[196, 197]. Notably, MPn 

is a single-reference method, relying on a single-configurational wavefunction as a reference 

for perturbation, while NEVPT2 and CASPT2 are multi-reference methods. 

The PT corrections, as elucidated in Section 4.1.3, involve an expansion in the inverse 

powers of the energy splitting between unperturbed levels. However, in cases with small 

splitting, quasidegenerate states, PT encounters challenges that lead to significant perturbations 
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and breakdown of the approximation. Quasidegeneracy issues can arise in various scenarios, 

such as dynamics near avoided crossings, conical intersections, and in spectroscopy, where the 

mixing of states of different nature markedly influences energies and oscillator strengths. To 

address these challenges, an extension of the NEVPT2 has been proposed, known as the 

quasidegenerate (QD) formulation of the NEVPT2 theory, leading to the QD-NEVPT2 method 

which has demonstrated efficiency in handling such cases.[198] 

Finally, both NEVPT2 and its QD variant offer a significant advantage by effectively 

avoiding problems associated with intruder states. This issue, which can substantially impact 

methods based on one-electron zero-order Hamiltonians, is nearly absent in both NEVPT2 and 

QD-NEVPT2 methods. Furthermore, as previously discussed in Section 5.1.4, combining PT 

on top of MCSCF methods, like CASSCF, is justified by addressing total (static and dynamic) 

electron correlation. MCSCF/CASSCF primarily recovers static correlation linked to nearly 

degenerate ground state configurations, while perturbation methods focus on dynamic 

correlation related to electron movement. This combination proves beneficial for capturing 

both types of correlation, depending on the system and modeling goals.[79, 115, 137, 140, 159, 

179-183, 187] 

5.1.7. Coupled-Cluster (CC) methods: CCSD, DLPNO-CCSD 

In an effort to solve the FCI, which as previously discussed impractical for chemical 

applications, several approximations have been proposed.  Among these approaches, Coupled-

Cluster (CC) theory stands out as a method that combines numerous advantages. [199, 200] 

On one hand, CC method, similar to CI, is an iterative method addressing the electron 

correlation through inclusion of higher excited determinants. On the other hand, CC methods, 

unlike CI, are size extensive. In addition, while CI relies on a linear ansatz to improve the WF 

by accounting for the explicit interaction of one electron with all other electrons, the 

foundational principle of CC theory relies on an exponential ansatz, where the many-electron 

interactions are treated through simultaneous electron pair interactions generating what called 

the “clusters”. The CC wavefunction can be written as, 

|ΨLL⟩ = 𝑒=� |Ψ~k⟩ (5.11) 

where, |Ψ~k⟩	is	the	HF	determinant	of	the	ground	state	and	𝑇� 	is	the	“cluster operator” and 

can be written as, 
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𝑇� = 𝑇�' + 𝑇�& + 𝑇�j +⋯ (5.12) 

where 𝑇�% represents all possible 𝑛-fold excitations, expressed as 

𝑇�' = 𝑡I(
(,I

𝑎ÈI
� 	𝑎È( (5.13) 

𝑇�& =
1
4 𝑡IJ

(?

(,I

𝑎ÈI
�𝑎ÈJ

�		𝑎È?𝑎È( (5.14) 

here, 𝑖 and 𝑗 refer to occupied while a and b to virtual orbitals. 𝑡I( , 𝑡IJ
(?  are the “cluster 

amplitudes” which should be determined by solving the CC equations. The 𝑒=�  operator can be 

expanded as a Taylor series as given Equation (5.15), where the repeated application of 

𝑇�	operator generates the “clusters”.[200] 

𝑒=� = 1 + 𝑇� +
𝑇�&

2! +
𝑇�j

3! + ⋯+
𝑇�%

𝑛!  
(5.15) 

If 𝑛	 = 	𝑁 (all electrons), the CC method converges to the FCI result. In addition, the fast 

convergence with 𝑛, facilitated by the exponential ansatz, allows for truncating the cluster 

operator at low 𝑛, while yielding an accurate approximation to the FCI results. In practical 

terms, truncation at 𝑛	 = 	2 defines the CCSD (Coupled Cluster Singles Doubles) method, 

widely acknowledged as an excellent electronic-structure approach. CCSD(T), augments 

CCSD by incorporating a non-iterative (perturbative) correction for the triplets (𝑇�j) effect, 

defined the “gold-standard” method in quantum chemistry, which has proven to be an 

outstanding approximation to FCI, especially for systems which can be well described by a 

single-determinant WF.[191, 199] 

Despite their effectiveness, the computational demand for solving the CCSD equations 

scales unfavorably. Specifically, it scales with the sixth power (𝑁�) of molecular size, and for 

CCSD(T), it scales even with (𝑁�). Consequently, these methods rigorously apply only to 

reasonably small molecules. However, advancements in linear-scaling approximations to 

CCSD(T), through for example DLPNO-CCSD and -CCSD(T)methods.[199] These methods 

are very practical and promising by recovering 99.99% of the “original” CC energy. DLPNO 

stands for “domain-based local pair natural orbital”, where the transformation from the MO 

basis to the DLPNO basis are given in details elsewhere.[201-205] These transformations result 



5 Electronic Structure Methods for Ground and Excited States 

 54 

in a confinement of the electron pair correlation to specific domains in space for each pair, 

significantly enhancing computational efficiency.  

Finally, it worth to mention that all discussed CC methods are single-reference methods, 

starting from HF WF. However, alternative references are possible and occasionally 

advantageous, for instance, to initiate CC calculations from a multi-configurational WFs, 

resulting in a multi-reference CC (MR-CC) methods.[199] 

5.1.8. Equation of Motion Coupled-Cluster Method (EOM-CC) and 
STEOM-DLPNO-CCSD Variant 

The equation-of-motion Coupled-Cluster (EOM-CC) proves valuable in examining states 

arising from processes such as excitation, ionization, and electron attachment.[80, 84, 115, 176, 

200, 206-212] The EOM-CC approach includes a ground state calculation of a chosen CC level 

|Ψ*⟩ and the subsequent calculation of excited states with EOM. The EOM approach obtains 

excited states by using a linear excitation operator 𝑅�7 as given in Equation (5.16). 

𝐻�c𝑅�7|Ψ*⟩ = Δ𝐸7𝑅�7|Ψ*⟩ (5.16) 

where, 𝐻�c is the Hamiltonian operator in the normal-order form. Δ𝐸7 = 𝐸7 − ⟨Φ*|𝐻�|Φ*⟩, 

represents the transition energy connected with the considered process,  Φ* is a single Slater 

determinant may be chosen to be the HF reference and 𝐸7 is the total energy of the target 𝑘-

state. 

The linear excitation operator (𝑅�7) is defined for the excitation energy (EE), ionization 

potential (IP) and electron affinity (EA), respectively as shown in Equations (5.17)  

𝑅�7SS = 𝑟* + 𝑟I(
(,I

𝑎ÈI
�𝑎È( +   𝑟IJ

(?

(d?,IdJ

𝑎ÈI
�𝑎È(𝑎ÈJ

�𝑎È? 

𝑅�7vM = 𝑟	 (
(

𝑎È( +   𝑟J
(?

�,?�(

𝑎ÈJ
�𝑎È?𝑎È( 

𝑅�7S� = 𝑟I	
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𝑎ÈI
� +   𝑟JI
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(5.17) 

with (𝑟) being the excitation operator in respect to a specific virtual orbital (a, b)  indicated by 

its subscript and an occupied orbital (i, j)  indicated by the superscript. 
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In similarity-transformed EOM-DLPNO-CCSD (STEOM-DLPNO-CCSD), the ground 

state calculation is performed on the DLPNO-CCSD level as described briefly in the previous 

Section 5.1.7. It replaces the Hamiltonian 𝐻� in Equation (5.16) with the similarity transformed 

Hamiltonian 𝐻ñ�, as follows, 

𝐻ñ� = 𝑒+=�𝐻�𝑒=�  (5.18) 

A second similarity transformation given in Equation (5.19) reduces the canonical 

expansion space of the excited states.[213, 214] 

𝐺 = ²𝑒l�³
+'
𝐻ñ�²𝑒l�³ (5.19) 

𝑆Ç is a transformation operator for singles and doubles truncations and is parametrized in terms 

of IP and EA. 

5.2. Density Functional Theory (DFT) 

Kohn–Sham density functional theory (KS-DFT) and its time-dependent counterpart (TD-

DFT) have gained extensive utility in computational studies, providing precise insights into 

electronic structure, ground, and excited state properties of both molecules and solid 

materials[79, 80, 83, 84, 115, 163, 215-218]. It achieves a balanced compromise between 

accuracy and computational efficiency. At its core, DFT operates on the principle that 

properties of the 𝑁 −many-electron system can be expressed as functionals of the ground state 

electronic density 𝜌(𝒓), given in  Equation (5.20), drastically reducing the complexity form 

3𝑁 −dimentional problem to only 3 spatial coordinate 𝒓.  

𝜌(𝒓) = 𝑁ô. . .ô𝜓∗(𝒙', 𝒙&, … , 𝒙c)		𝜓	(𝒙', 𝒙&, … , 𝒙c)		𝒔'	𝒙'𝒙&…𝒙c (5.20) 

where, 𝒙𝒋 is the 𝑗-electron coordinate, donating both space and spin coordinates; 𝒙𝒋 = (𝒓𝒋, 𝒔𝒋). 

The efficacy of both DFT and TD-DFT primarily stems from their capacity to accurately 

describe dynamic correlation within a reasonable computational framework, facilitated by 

effective exchange-correlation functionals, a challenge for conventional wave function 

methods. However, DFT does have limitations, particularly in scenarios like (nearly-
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)degenerate electronically ground or excited states where multiple configurations are 

significant (static correlation).[163, 219] 

5.2.1. Hohenberg-Kohn Theory 

The theory originally developed and formulated by Hohenberg and Kohn, assuming a system 

of charged spinless fermions with non-degenerate ground state. Similar to previously discussed 

formulations of WF methods, the DFT total energy can be written as a functional of the electron 

density as 

𝐸�k=	[𝜌(𝒓)] = 𝐹[𝜌(𝒓)] + ô𝜌(𝒓)	 𝑉b9$(𝒓)𝑑𝒓 (5.21) 

where, functional  𝐹[𝜌(𝒓)] can be defined as follows; 

𝐹[𝜌(𝒓)] = 𝑇�[𝜌(𝒓)] +	𝑉�bb[𝜌(𝒓)]	

= 𝑇�[𝜌(𝒓)] +
1
2ö

𝜌(𝒓)	𝜌(𝒓@)	

|𝒓 − 𝒓@| 𝑑𝒓𝑑𝒓@ + 𝐸�L[𝜌(𝒓)] 
(5.22) 

where, 𝑇�		and		𝑉�b9$ are the kinetic energy and the external potential energy which in absence 

of other external potential is reduced to solely the nuclear-electron attraction term 𝑉�%b. 𝑉�bb is 

the electron-electron repulsion term which can be written, as shown in Equation (5.22),  as 

sum of Hartree term (𝑉�~[𝜌(𝒓)]) representing the classical Coulomb interaction and the 

exchange-corrlation term (𝐸�L[𝜌(𝒓)]). 

The milestones of the DFT can be summarized in the Hohenberg-Kohn theorems.[220]  

Theorem 1 (Uniqueness): The external potential (𝑉b9$) is univocally determined by the 

electronic density 𝜌(𝒓)	. Consequently, the electronic density 𝜌(𝒓)	also 

determines the ground state wavefunction	|𝜓⟩ and energy	𝐸*, both obtained by 

solving TI-SE. 

Theorem 2 (Variational Principle): Let 𝜌� be a trail non-negative ground state density 

normalized to 𝑁 such that (∫𝜌�	(𝒓)𝑑𝒓 = 𝑁 and ∫�∇𝜌�	'/&(𝒓)�
&𝑑𝒓 = 𝑁). 

Variational energy 𝐸÷*[𝜌�] can be defined, such that, for  	𝜌� ≠ 𝜌;	 always 
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𝐸÷*[𝜌�] 	> 	𝐸*[𝜌], where 𝐸*[𝜌] is the exact ground state energy. Consequently, 

the problem can be Variationally solved by SCF approach.	

Theorem 3 (Universality): 𝐹[𝜌(𝒓)], defined by Equation (5.22), is universal functional in 

the sense it does not depend explicitly on the external potential 𝑉b9$ in 

Equation (5.21). 

5.2.2. The Kohn-Sham Equations 

The Kohn-Sham scheme can be summarized in mapping the interacting many-electron problem 

into a system of non-interacting electrons moving in effective external potential, with the 

constrain that both systems have the same ground state (GS) density corresponding to GS WF.  

𝜌(𝒓) = 𝜙(∗(𝒓)
(

𝜙((𝒓) = |𝜙((𝒓)|
(

&
 (5.23) 

That will reduce the many-body problem into a single particle formulation, similar to HF 

approximation. The density, given in Equation (5.20), is expressed in terms of the resulting 

orbitals {𝜙((𝒓)}, known as Kohn-Sham orbitals. Within the KS theorem,[220-222] the ground 

state energy can be written as, 

𝐸[𝜌] = 𝑇<[𝜌] + 𝐸~[𝜌] + 𝐸%b[𝜌] + 𝐸9�[𝜌] (5.24) 

where, 𝑇< is the energy of KS orbitals, given by 

𝑇< = ⟨𝜙(| −
1
2∇

&|𝜙(⟩
(

 (5.25) 

which have been reduced to only the kinetic energy of non-interacting electrons. 𝐸~ and 	𝐸%b 

represent the classical Coulomb interaction energies for each electron with potential generated 

by electron density, and nuclei. However, that implies that each electron can interact with all 

other electrons including itself, since all electrons define the density, leading to the self-

interacting error.[223] 

Finally, 𝐸9�[𝜌] is the exchange-correlation term which contains everything else (missing 

terms and self-interaction error) to make the above expression (5.24) exact, and it can be given 

as, 
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𝐸9�[𝜌] = 𝑇[𝜌] + 𝑉bb[𝜌] − (𝑇<[𝜌] + 𝐸~[𝜌]) (5.26) 

Now we can see that; Equation (5.26) includes the true total kinetic energy 𝑇 and electron-

electron interaction 𝑉bb, where the last will recover the missing exchange electron correlation. 

While the initial three terms in the Equation  (5.24) can be precisely determined, the 

accurate expression for 𝐸9�[𝜌] remains unknown and can be approximated through various 

range of functionals classified into LDA, GGA, meta-GGA, hybrid, and double-hybrid 

functionals. It is convenient that these functionals classes represent an ascending order of 

accuracy, often referred to as the “Jacob’s ladder of DFT functionals”.[224] 

Within each class, a diverse range of functionals aims to achieve total energies that closely 

agree with experimental results or highly accurate wavefunction energies. Despite their success 

in delivering excellent energies, there is no guarantee that these functionals will yield good 

molecular properties. Consequently, extensive literature is dedicated to the statistical 

evaluation of which functionals perform optimally for specific properties. This ongoing 

analysis seeks to discern the functional choices that excel in reproducing molecular behaviors 

and properties.[199] 

A first approach to approximate 𝐸9�[𝜌] is the local density approximation (LDA), as given 

in Equation (5.27), assuming that the density behaves locally like a homogeneous electron gas 

of which the exchange-correlation energy 𝜀9� can be determined.[225] 

𝐸9�[𝜌] ≈ ô(𝜌(𝑟)𝜀9� 𝜌(𝑟))𝑑𝑟 (5.27) 

In response to the substantial error in LDA, both the generalized gradient approximation 

(GGA) and meta-GGA functional were introduced. While 𝜀9� remains for the electron gas, in 

GGA the 𝐸9�[𝜌] depends on both the charge density 𝜌(𝑟) and its gradient ∇𝜌(𝑟) as shown in 

Equation (5.28). In contrast, meta-GGA explicitly relies on the semi-local information of the 

gradient of the density ∇&𝜌(𝑟) or on the local kinetic energy density 𝜏, as given in Equation 

(5.29).[95, 225] 

 

𝐸9�[𝜌] ≈ ô(𝜌(𝑟)𝜀9� (𝜌(𝑟), ∇𝜌(𝑟)))𝑑𝑟 (5.28) 
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𝐸9�[𝜌] ≈ ô(𝜌(𝑟)𝜀9� (𝜌(𝑟), |∇𝜌(𝑟)|, ∇&𝜌(𝑟), 𝜏))𝑑𝑟 (5.29) 

A diverse range of GGA and meta-GGA functionals exists, each distinguished by unique 

features. Examples include PBE,[226, 227] BLYP,[228, 229], and BP86[228, 230] among GGA 

functionals, while M06L[231] and TPSS[232] are notable examples within the meta-GGA 

functionals. 

Hybrid functionals mix 𝐸9�[𝜌] of one of the previously described DFT functionals with 

exact exchange energy from HF. The variation among hybrid functionals lies in the percentage 

of HF exchange energy included and the underlying DFT functional. The generic formula is 

expressed in Equation (5.30) with “a” as a constant between 0 and 1.[95, 224, 225] 

𝐸9�[𝜌] ≈ (1 − 𝑎)𝐸�L�k= + 𝑎𝐸�~k (5.30) 

Examples include B1LYP and B3LYP, both built on the BLYP GGA functional, incorporates 

25% and 20% HF exchange, respectively.[228, 229, 233]  PBE0 based on PBE correlation 

functional with 25% HF exchange.[227, 234, 235]. 

Finally, double hybrid functionals combine hybrid functionals and MP2. Thus, the 𝐸9�[𝜌] 

incorporates and depends on the selected (meta-)GGA functional, exact HF exchange, and 

perturbation theory in the form of MP2, aiming to address electron correlation. The typical 

functional form is given in Equation (5.31),  where a,	b,	c	are values between 0 and 1.[236]  

𝐸9�[𝜌] ≈ (1 − 𝑎)𝐸��k= + 𝑎𝐸�~k + (1 − 𝑏)𝐸��k= + 𝑎𝐸�fM& (5.31) 

In double hybrid functionals, the proportion of exact HF exchange is often more substantial 

compared to hybrid functionals. This is attributed to the corrective capabilities of MP2, which 

addresses deficiencies in HF and improves self-interaction errors. Example of double hybrid 

functionals is B2PLYP[236] functional. 
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5.3. Time-Dependent DFT (TD-DFT)  

A popular approach for computing excited states within the DFT framework is by utilizing TD-

DFT.[237] There are multiple TD-DFT approaches which are all typical linear response 

approaches via perturbation of the ground state density. One of the phrasings that can be used 

for the TD-DFT problem is Casida’s Equation which is a non-Hermitian eigenvalue problem 

given in Equation (5.32).[238] 

i 𝐴 𝐵
𝐵∗ 𝐴∗l °

𝑋
𝑌± = Ωi1 0

0 −1l °
𝑋
𝑌± (5.32) 

In this context, Ω represents the excitation energy, the vectors X and Y are the occupied-

virtual and virtual-occupied blocks of the first-order density response matrix and A and B 

orbital rotation matrices. A and B are defined in Equations (5.33)-(5.34).  

𝐴(I�,?J� = 𝛿(?𝛿IJ𝛿�� i𝜀I, − 𝜀(-l + *𝑎�𝑖��𝑗�𝑏�, − 𝑐9𝛿��(𝑗�𝑖�|𝑎�𝑏�)

+ *𝑎�𝑖��𝑓��99|𝑗�𝑏�, 
(5.33) 

𝐵(I�,?J� = *𝑎�𝑖��𝑏�𝑗�, − 𝑐9𝛿��(𝑎�𝑗�|𝑏�𝑖�) + *𝑎�𝑖��𝑓��99|𝑗�𝑏�, (5.34) 

(… |… ) are the two-electron repulsion integrals in the Mulliken notation and (… |𝑓�L	 | … ) is 

the matrix of the exchange-correlation kernel in the adiabatic approximation of the orbitals 

with 𝜎 and 𝜂 being spin variables. 𝛿 is the Kronecker delta and 𝑐9 is a coefficient between zero 

and one. The third term in Equation (5.33) and the second term in Equation (5.34)  describe 

the contribution of the HF exchange part of the Kohn-Sham operator. If 𝑐9 is 0, this describes 

the limiting TD-DFT case in which pure DFT functionals are employed (e.g., (meta)-GGA or 

LDA) and if 𝑐9 is 1, it is TD-HF.
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6 Theory of Electronic Transitions and Spectroscopies 

6.1. Introduction 

As previously outlined in Chapter 3, spectroscopy serves as a comprehensive investigation 

into the interactions between light and matter. The light energy interacts with the atomic and 

molecular system, leading to excitation transitions across the rotational, vibrational, electronic, 

and magnetic states. Following electronic excitations, relaxations occur, leading to emissions. 

The exploration of the photophysical properties and optical spectra, covering absorption and 

emission, emerges as a powerful tool providing valuable insights into electronic and vibrational 

structure, as well as the excited state dynamics of these chemical system.[79-81, 94] 

In alignment with our primary objectives, the pursuit of photoluminescent materials with 

tailored emission properties necessitates a profound understanding of these processes within 

the context of light-molecular system interactions. Achieving this requires obtaining accurate 

solutions for both electronic time-independent and time-dependent Schrödinger equations, 

demanding the application of approximations and numerical strategies. The central goal of 

electronic structure theory is to solve the first equation, while chemical dynamics focuses on 

the second. Both fields have shown substantial evolution in recent decades, introducing various 

methods with a shared objective. As detailed in the previous Chapter 5, methods like DFT/TD-

DFT, CC/EOM-CC, MCSCF in conjunction with PT methods like NEVPT2 have proven 

successful in addressing electronic structure problems of ground and excited states, however it 

excludes the dynamics effects.[239] 

To gain a thorough understanding of dynamics effects on electronic transitions and various 

optical spectra, it is crucial to accurately determine and explore spectral characteristics such as 

band position, intensity, shape, and width. Moreover, the consideration of factors such as bands 

overlap, red/blue shifts resulting from environmental changes, and Stokes/anti-Stokes shifts 

between absorption and emission bands becomes important. Achieving this requires a 

comprehensive analysis of electronic and vibrational states involved in transitions, interplay 
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between them, and the underlying photophysical processes. Computation and analysis of 

spectral properties in light of selection rules and transition probabilities can provide further 

insight into transition nature and effect of the environment and dynamics through various 

coupling mechanisms, including electron- and spin-vibronic couplings, as well as (pseudo-) 

Jahn-Teller effect.  

This chapter provides an overview of radiative and non-radiative processes in molecules 

and solid-state materials. It delves into the theoretical consideration of molecular motion and 

its impact on excited states, decay transitions, commonly known as vibronic coupling. 

Additionally, the chapter explores one of the most famous methods for calculating rates of 

radiative and non-radiative transitions between vibronic (electronic and vibrational) states. 

This method, employing the Fermi's Golden Rule within the framework of the path integral 

formulation, proves to be efficient. Furthermore, its application is extended to the computation 

and analysis of optical spectra and photophysical properties. 

6.2. Radiative vs non-Radiative Processes  

While the real scenario is more complex, we aim to present a simplified overview of decay 

pathways as a foundation to the subsequent sections that delves into the dynamics of excited 

states and vibronic coupling. In the context of the Jablonski diagram depicted in Figure 6.1a, 

when a molecule encounters photons of light, its electrons undergo promotion from the 

electronic ground state to higher electronic levels. The ground state of the molecule can exhibit 

any multiplicity, contingent on its electronic structure (e.g., the number of unpaired electrons, 

pairing energy, etc.), but it is typically a singlet denoted by 𝑆*. Upon light absorption, the 

molecule is elevated exclusively to states with the same ground state multiplicity, adhering to 

the spin conservation selection rule. In complexes or materials containing heavy atoms/ions 

that enhance SOC, this selection rule may be relaxed, allowing for the mixing of states with 

different multiplicities. Starting with 𝑆*, photons with varying energies result in excitations 

transitioning to different singlet excited states (𝑆', 𝑆&, etc.), each with distinct strengths. The 

strength of the electronic transition depends on other selection rules, the involved eigenstates, 

and the transition dipole moment between them. Consequently, the absorption spectrum 

essentially represents the number of absorbed photons (absorbed intensity) as a function of 

their photon energy. 
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Figure 6.1. a) The Jablonski diagram illustrating fundamental electronic transitions, including 

radiative processes such as absorption, spin-conserving fluorescence (Δ𝑆 = 0), and spin-flip 

phosphorescence (Δ𝑆 ≠ 0), are given in blue, green, red arrows, respectively. As well as the 

nonradiative relaxations like internal conversion (IC), intersystem conversion (ISC), and 

vibrational (thermal) relaxations (VR), given in orange, cyan, and pink curly arrows. b) 

Additionally, it depicts the zero-field splitting of the triplet state into three magnetic levels 

(𝑀𝑠 = 0,±1) due to spin-orbit coupling with higher excited states, with the associated 𝐷 and 

𝐸 parameters of zero-field splitting shown. The decay rate, represented by 𝑘, is a general term 

encompassing various decay processes. 

 

 

Following excitation, a range of radiative and non-radiative decay processes can occur. 

Radiative processes encompass fluorescence or phosphorescence, depending on whether light 

emission involves a transition between two states of the same multiplicity (e.g., from the lowest 

singlet 𝑆'to the 𝑆*) or with change of spin (e.g., from the triplet 𝑇' to the 𝑆*). Typically, emitted 

light has a lower energy than the absorbed radiation due to luminescence occurring from the 

lowest energy levels, following Kasha’s rule.[123] Additionally, fluorescence or 

phosphorescence can be differentiated based on their time scales, with the former exhibiting 

shorter (about 10+� − 10+� seconds) and the latter long-lived (about 10+� − 10+' seconds) 

excited states. [240] This time scale is approximate and varies across systems, with 
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phosphorescence occurring through SOC, especially in systems with strong SOC. In fact, for 

SOC, multiplicity loses its meaning, and differentiation became less obvious. For the sake of 

completeness, states with (𝑆	 > 	1/2) will experience ZFS due to SOC, as discussed in Section 

4.4.7. Each of these substates, arising from the SOC-induced splitting, may emit at different 

rates. Figure 6.1b provides a straightforward example illustrating this phenomenon for a triplet 

excited state. 

Non-radiative processes can be more challenging to observe experimentally as they often 

involve not only the bright or absorbing state defined by the emission energies but also dark 

states lacking significant oscillator strength but populated from bright states. A transition 

between electronic states of the same multiplicity is termed internal conversion (IC), e.g., from 

𝑆& to 𝑆'. Involving states of different multiplicities, such as from 𝑆' to 𝑇', is termed intersystem 

crossing (ISC).[241] Additionally, there is vibrational relaxation, a rapid non-radiative process 

involving the transfer to lower vibrational modes within the same electronic states. It is usually 

a thermal relaxation within the molecule, neighboring molecules, or the solvent. This occurs 

within a very short time frame (10+'� − 10+'' seconds).[240] While vibrational relaxation is 

confined to transitions between vibrational levels, the possibility of IC and ISC arises when 

vibrational energy levels overlap significantly with electronic energy levels.[94] 

The electronic levels of a molecule are defined through PES extending along 3𝑁 − 6 

dimensions, where 𝑁 is the number of atoms in the molecule. The Born-Oppenheimer (BO) 

approximation neglects the coupling between different PES when discussing electronic excited 

states. However, in some cases like conical intersection, non-adiabatic couplings between PES, 

became crucial. Finally, after the excitation and traversing different PESs, the molecule arrives 

at a different geometrical configuration post-irradiation, it constitutes a photochemical 

reaction. Conversely, if it returns to its original ground state, it is considered a photophysical 

process, the term photophysics is used.[242] 

Aligning with our main objectives, the quest for photoluminescent material with tailored 

emission properties, necessitates a deep understanding of processes occurring in molecules 

post-light excitation. That requires accurate description of dynamics effect on the excited states 

and the electronic transitions. In the next sections, we will explore the techniques and methods 

for understanding molecular motion and its effect on the electronic excited states, decay 

transitions, this generally known as vibronic coupling. 
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6.3. Vibronic Coupling effect on the optical Spectra 

As discussed previously, the complete description of spectral features includes accurate 

description of the electronic states and transition between them, collectively will give the 

spectral bands positions and their relative intensities. Furthermore, it is important to describe 

the shape of the band(s), which is generally controlled by the effect of vibronic coupling on the 

electronic states and transitions.[79, 80, 243] Vibronic coupling is a rather broad term, which 

is able to describe several coupling processes. In this section, the effect of vibronic coupling 

on the absorption and emission shape is explored, again focusing on the main concepts and 

emphasize factors controlling the band shape. 

6.3.1. Adiabatic approximation and Vibronic Coupling 

To understand the vibronic coupling, effect of nuclear motion on the electronic structure, and 

transitions, we have to revisit the adiabatic approximation, introduced in Section 4.3. The total 

Hamiltonian, Equation (4.17), can be divided into 3 components as depicted in Equation 

(6.1). 

𝐻�(𝐫, 𝐑) = 	𝑇�b + 𝑈�bbÝÞßÞà
	~�.(𝒓)

+ 𝑇�% + 𝑈�%b + 𝑈�%%ÝÞÞßÞÞà
��	(𝒓,𝑹)

 (6.1) 

At this point, especially in the exploration of molecular vibrations and vibronic coupling, it 

proves highly advantageous to express the nuclear motions in terms of normal coordinates of 

nuclei 𝑸. This facilitates the distinct separation of vibrational nuclear motion from translational 

and rotational motions. As a consequence, (3𝑁 − 6) equations emerge within the framework 

of Harmonic oscillators, characterized by Equation (6.2).  

−
1

2𝑀e

𝜕&𝜒%/
𝜕𝑄e&

+
1
2𝜔e

&𝑄e&𝜒%/ = 𝐸%/𝜒%/ (6.2) 

where, 𝜒%/ , 𝐸%/ are the vibrational eigenfunction and energy of the 𝛼-th normal mode. 𝑀e, 𝜔e 

represent the reduced mass and frequency of the considered mode, respectively. The normal 

mode coordinates and the mass-weighted displacement vector 𝚫𝑹	from the equilibrium nuclear 

configuration 𝑹𝟎 can be correlated and intertransformed through the Hessian matrix (𝑯).[97, 

244] 
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That simplifies the vibronic coupling in terms of the vibrations (phonons in crystals) of the 

molecular system. Within the small displacement approximation, the total potential interaction 

can be expressed as a Taylor series around the equilibrium nuclear configurations 𝑸𝜶𝟎. 

𝑉�(𝒓, 𝑸) = 𝑉(𝒓, 𝑸𝜶𝟎) + °
𝜕𝑉
𝜕𝑄e

±
�/0

𝑄e +
1
2 �

𝜕&𝑉
𝜕𝑄e𝜕𝑄g

�
�/10

𝑄e𝑄g 	+ ⋯
e,ge

 (6.3) 

Equation (6.3) contains the interaction between the electronic structure and nuclear 

configurations (vibronic coupling), where the first term controls the electron nuclear interaction 

at fixed nuclear configurations at point 𝑸𝜶𝟎, usually taken as the ground state. The next terms 

can be combined together to form the operator of non-adiabaticity, represented by vibronic 

interaction matrix 𝑊7P(𝒓, 𝑸𝜶) in terms of small displacement around nuclear configurations 

at point 𝑸𝜶, as follows  

				𝑊7P(𝒓, 𝑸) = 𝑉�(𝒓, 𝑸) − 𝑉(𝒓, 𝑸𝜶𝟎) 

= °
𝜕𝑉
𝜕𝑄e

±
�/0

𝑄e +
1
2 �

𝜕&𝑉
𝜕𝑄e𝜕𝑄g

�
�/10

𝑄e𝑄g 	+ ⋯
e,ge

 
(6.4) 

where, the last two summations represent the linear and quadratic vibronic coupling, 

respectively, which are generally enough with no need to include any other higher order 

couplings. These terms are responsible for mixing electronic states (𝑘,𝑚) through vibronic 

coupling. 

In the conventional adiabatic Born-Oppenheimer approximation (Section 4.3), with a fixed 

nuclear configuration, 𝑇�%(𝐐) and  𝑊(𝐫,𝐐)	are ignored, and 𝑉�(𝐫,𝐐) will collapse to only its 

first term V(𝐫,𝐐𝛂𝟎), which will give the solution of electronic equation as follows: 

[𝐻�b(𝒓) + V(𝐫,𝐐𝛂𝟎)]	𝜙7(𝒓;𝐐𝛂𝟎) = 𝜀7(𝐐𝛂𝟎)	𝜙7(𝒓;𝐐𝛂𝟎) (6.5) 

That give the set of electronic energies {𝜀7(𝐐𝛂𝟎)} and eigenfunctions {|𝜙7(𝒓;𝐐𝛂𝟎)⟩} at a 

particular nuclear configuration fixed at point 𝐐𝛂𝟎. The total wavefunction can be 

mathematically expanded by the adiabatic electronic basis as given in Equation (6.6). 
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𝛹(𝒓,𝑸𝜶) = 𝜒7(𝑸𝜶)	𝜙7(𝒓; 𝑸𝜶)
7 	

 (6.6) 

The expansion coefficients {𝜒7(𝑸𝜶)} depend on the nuclear coordinates. The total 

wavefunction, Equation (6.6), can used to solve the total TIDE at the nuclear coordinate 𝑸𝜶 

using 𝜀7(𝐐𝛂) as potential energy,  

𝑇�%(𝑸𝜶) +	𝜀7(𝑸𝜶) +	 𝑊7P(𝒓, 𝑸𝜶)
P

𝜒7(𝑸𝜶) 	= 𝐸	𝛹(𝒓, 𝑸𝜶) (6.7) 

Equation (6.7) must be solved for all nuclear configurations {𝑸𝜶} where the nuclear 

wavefunctions is non-vanishing result in the vibronic coupling matrix 𝑾. Solving the vibronic 

coupling problem in such rigorous way will be complex and very expensive. Other approaches 

can be utilized to address and approximate the vibronic coupling effect, for example, path-

integral approach which is suitable to treat short-time dynamics of multi-mode vibronic 

coupling,[245] as will be discussed later in Section 6.6. 

6.3.2. Frank-Condon approximation, Stokes Shift and Huang-Rhys 
parameters 

Let us further explore the effect of the vibronic coupling on the absorption and emission optical 

bands. Employing a simple two-level model, we will explore the transition between two 

electronic energy states (|𝛹s⟩	and |Ψb⟩ for ground and excited states), both characterized by 

harmonic oscillators along a vibrational normal coordinate 𝑄 and with the same frequency ℏ𝜔 

for a selected mode	(𝛼), as depicted in Figure 6.2. The electronic ground state's PES minimum 

is at 𝑄*	(refers to the equilibrium geometry), while the excited state's PES minimum is 

displaced by (𝛥𝑄). The vibrational energy levels for both electronic states, denoted as |𝑣s⟩ and 

|𝑣b@ 	⟩ for the ground and excited states, respectively, with vibrational quantum numbers 𝑚 and 

𝑛, which can take any integer value (0, 1, 2, . . . ). The subscripts (𝑔 and 𝑒) represent the 

electronic ground and excited states. For both electronic states, the ground vibrational level 

possesses a vibrational energy of (1/2ℏ𝜔). 
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Figure 6.2. A configurational coordinate diagram, along normal coordinates 𝑄 of one of the 

vibrational modes, for transitions between two electronic states; ground state |Ψs⟩ and lowest 

excited state |Ψb⟩. Both assumed to be characterized with Harmonic oscillators with the same 

frequency ℏ𝜔. Vibrational levels of electronic ground and excited states are presented with 

�𝑣s�	and	|𝑣b@⟩, respectively where 𝑣	and	𝑣@ are the vibrational quantum numbers. The system 

is assumed at absolute zero temperature (0 K), and the absorption and emission band profiles 

are constructed based on the (0s 	→ 	 𝑣b@) and (	𝑣s ← 0b 	), respectively and relative transition 

probabilities. The minimum of ground state PES is at 𝑄* (the equilibrium geometry), while the 

minimum of the excited state PES is shifted by Δ𝑄 (as discuses in the text). Absorption 

transitions, reaching different vibrational states, are generally shown with blue arrows. The 

emission relaxation (00 and 10) representing the (	0s ← 0b 	and 	1s ← 0b 	), are given in green 

and red arrow, respectively. 

 

 

It follows that at absolute temperature (0K), leading to only the lowest (ground) vibrational 

level is populated in both absorption and emission. The construction of absorption and emission 

band profiles is based on the (0s → 𝑣b@) and (0b → 𝑣s) series of vibronic transitions, 

respectively, and depends on the relative electronic transition probabilities. Once again, 

ℏ"

00
10

ΔQ

ℏ"

%&'()*+,(-
0! → /"#

Q$

|Ψ!⟩

|Ψ"⟩

!"
#$
%&

'

|&" = 0"⟩
|1"⟩

|1!⟩
|&!# = 0!⟩



6 Theory of Electronic Transitions and Spectroscopies 

 69 

following the adiabatic approximation, the vibronic transitions (between the vibrational levels 

of ground and excited electronic states) occur rapidly enough to maintain the configurational 

coordinate 𝑄 constant, that adhering to the Frank-Condon (FC) principle.[114, 246-249] This 

principle allows us to represent transitions between ground and excited states with vertical 

arrows as shown in Figure 6.2.  

Under the FC approximation,  

a) it allows the separation of the electronic and vibrational contributions to the transition, 

b)  the electronic wavefunction can be expressed in the static (rigid) picture i.e. at 𝑄*,  

c) because within the optical transition, the light can only interact with valence electrons, 

so, interaction Hamiltonian can only be restricted to the electronic wavefunctions. 

 

Based on that, the absorption (0s → 𝑣b@) and emission (0b → 𝑣s) transition cross sections 

can generally be expressed as shown in Equation (6.8). For the emission, the cross section can 

be formulated as follows, 

𝜎bs*0b → 𝑣s, ∝ ��Ψs(𝑄*)�𝐻�S�Ψb(𝑄*)��
& 	 |⟨𝜒�(𝑄)|𝜒*(𝑄)⟩|&

�

 (6.8) 

where, 𝐻�S represents the electronic interaction Hamiltonian between light and electronic states. 

𝜒� and 𝜒* are the 𝑣$"- and 0$"-vibrational wavefunctions of ground and excited states, 

respectively.  The term |⟨𝜒�(𝑄)|𝜒*(𝑄)⟩|& is the Franck-Condon overlap integral. Within the 

orthonormality of the vibrational wavefunctions under the harmonic oscillator, so, 

 |⟨𝜒�(𝑄)|𝜒*(𝑄)⟩|&
�

= 1 (6.9) 

Therefore, within this simple model, the cross section between the electronic states is only 

dependent on the ��Ψs(𝑄*)�𝐻�S�Ψb(𝑄*)��
& on the static picture. The dynamic nature of the 

molecule only influences the band shape without altering the complete transition probability. 

Now, let us explore the effect of the Franck-Condon overlap integral and the associated 

dynamics on band shape. The shape characteristics of the optical band is depicted as an 

envelope curve over the transitions (0s → 𝑣b@) and (0b → 𝑣s) for absorption and emission, 
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respectively, where, the transitions (0s ⟷ 0b) are referred to as 00 transitions (or zero-phonon 

lines in solids) occurring without the involvement of vibrational contributions. Consequently, 

the 00 absorption line aligns with the 00 emission line and both appear at 𝐸**,  

𝐸** = 𝐸I� +
1
2ℏ𝜔s −

1
2ℏ𝜔b (6.10) 

where 𝐸I�, the adiabatic energy difference between the two electronic states. Again, the model 

system, 𝐸** = 𝐸I�. 

The peak in the absorption band emerges at the energy where the overlap factor is 

maximized. Due to the shift (Δ𝑄) between the two PESs, the amplitude probability is 

maximum between (0s and 𝑣b@ > 0) and the absorption peak maximum appears at 𝐸** +

i𝑣b@ +
'
&
l ℏ𝜔. Similarly, the maximum emission intensity occurs between (𝑣s > 0 and 𝑣b@ = 0) 

at an energy corresponding to 𝐸** − i𝑣s +
'
&
lℏ𝜔. Obviously, the emission band occurs at a 

lower energy than the absorption maximum by Δ𝑆 = *𝑣s + 𝑣b@,ℏ𝜔, where 𝑣b@  and 𝑣s are the 

vibrational levels of excited state and ground electronic state with the max. FC overlap in the 

absorption and emission bands, respectively. This shift (Δ𝑆) is well-known as the Stokes shift. 

This shift is crucial in preventing a significant overlap between the absorption and emission 

bands; otherwise, the emitted light would be reabsorbed preventing any emission. 

To quantify the strength of vibronic coupling (at the FC limit), we discuss the dimensionless 

Huang-Rhys (HR) parameter (𝑆), which is defined by the following Equation (6.11), 

𝑆 = 𝑠e
e

= 
𝜆e
ℏ𝜔ee

 
(6.11) 

where, 𝑠e , 𝜆e , 𝜔e are the Huang-Rhys factor, the reorganization energy, and the vibrational 

frequency of the normal mode (𝛼) − FC active mode − involved in the electronic transition. 

Therefore, the HR parameter serves as a measure of vibronic coupling, at the FC limit, the 

Stokes shift and the displacement between the ground and excited parabolas Δ𝑄. In general, 

sharp or broad optical bands often indicate weak and strong electron-vibronic coupling, 

respectively. The band shapes discussed so far pertain to spectra obtained at absolute zero 

temperature, where only the lowest vibrational levels are populated in the departure state. As 

the temperature rises, higher-energy vibrational levels become populated, concurrently leading 

to the depopulation of the lowest vibrational level. Upon revisiting Figure 6.2, it becomes 



6 Theory of Electronic Transitions and Spectroscopies 

 71 

apparent that any temperature increase results in a broader emission (absorption) band. This 

broadening occurs because the excited 𝑣b@ > 0  (𝑣s > 0) levels become populated, contributing 

to the emission (absorption) process.  

6.3.3. Herzberg-Teller Vibronic Coupling 

Within the FC approximation derived using the BO approximation, the electronic transition 

Hamiltonian (𝐻�S), introduced in Equation (6.8), assumes negligible coupling between 

electronic transition and nuclear motions. However, in reality, the electronic transition exhibits 

a subtle dependence on the normal coordinates of vibration 𝑄. This dependence originates from 

the fact that the electronic Hamiltonian 𝐻�S itself has a functional relationship with the normal 

coordinates of vibration. This relationship is expressed through a Taylor expansion in nuclear 

displacements around the equilibrium configuration 𝑄* as given in Equation (6.12). 

𝐻�S(𝑄) = *𝐻�S,* + �
𝜕𝐻�S
𝜕𝑄e

�
e *

𝑄e +
1
2 �

𝜕&𝐻�S
𝜕𝑄e𝜕𝑄g

�
e,g *

𝑄e𝑄g +⋯	 (6.12) 

the subscript zero denotes values at the equilibrium position. The first term represents the 

electronic transition at the FC limit. The second and higher terms in the expansion serve as 

perturbations that can mix electronic states. That will lead to improvement of the transition 

through vibronic coupling, commonly referred to as intensity borrowing, as initially proposed 

by Herzberg and Teller in 1933.[106, 246, 250, 251] In this approach, the amount of borrowed 

contribution for the 𝛼-th vibration is directly proportional to the relevant coupling integral and 

the displacement 𝑄e. Simultaneously, it is inversely proportional to the energy difference 

between the two states involved. Hence, this will result in extra broadening in the optical band. 

Finally, for a vibrational mode to be HT active and mix two electronic states (Ψ( , Ψ?), the 

following symmetry condition must also be satisfied. 

Γ(Ψ() × Γ(𝑄e) × Γ*Ψ?, ⊃ Γ'	 (6.13) 

where Γ	is the irreducible representation of states or vibrational mode. 
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6.3.4. Jahn-Teller and Pseudo Jahn-Teller Effect 

Throughout all previous discussions, we consistently assumed non-degenerate electronic 

states. However, in cases involving highly symmetric molecular structures or optically active 

centers within a symmetric environment, the electronic states may be degenerate or quasi-

degenerate. The Jahn-Teller theorem, formulated by Jahn and Teller in 1937,[252] states that  

“All non-linear nuclear configurations are therefore unstable for an orbitally degenerate 

electronic state”. 

While this statement may appear concise, it holds substantial information. Firstly, it is 

crucial to note that the Jahn-Teller effect (JTE) primarily deals with orbital degeneracy, not 

spin degeneracy. Spin degeneracy, exemplified by degenerate Kramer’s doubles, can only be 

influenced or split by magnetic fields, independent of any nuclear motion.[97] Secondly, linear 

molecular structures require specific consideration, particularly up to quadratic vibronic 

coupling, which is referred to as the Renner-Teller effect.[253, 254] However, this falls outside 

the scope of our current study. Finally, as shown in Figure 6.3a, the JTE manifests by lowering 

the potential energy for configurations where the nuclear arrangement exhibits reduced 

symmetry, lifting the orbital degeneracy and causing the splitting of electronic states. If the 

Jahn-Teller stabilization energy significantly outweighs the vibrational energy of the JT active 

mode, the JTE induces a distortion in the molecular structure.[97] 

This effect is not exclusive to perfectly degenerate states, see Figure 6.3(a, b), it also 

emerges in nearly degenerate electronic states, leading to the pseudo Jahn-Teller effect 

(PJTE).[97, 255] The (P)JTE has  profound implications in both chemical and physical 

implications in the molecular and solid-state materials, for instance in explaining the static 

distortions in TM complexes and superconductivity in solids.[97] 

The (P)JTE, is a vibronic coupling effect which can also be seen as a specific case of conical 

intersections resulting from a molecule at a high spatial symmetry.[256] For the system at high 

symmetry not all modes can couple leading to JT distortion. According to the group-theoretical 

rules, the linear vibronic coupling will be non-zero along some modes (active JT modes), which 

follows (𝛤∗)	 irreducible presentations (IRs) which belong to the symmetric products of the 

IRs of the electronic states donated by (𝛤).[93, 97] So, the JT active mode should fulfil the 

following rule,  



6 Theory of Electronic Transitions and Spectroscopies 

 73 

[𝛤⨂𝛤] ⊃ 𝛤∗  (6.14) 

with another condition,	𝛤∗ can’t be a totally symmetric mode Γ' because this mode can affect 

the symmetry.[97] For example in structures under the highly cubic (𝑂" , 𝑇�) point groups, the 

two-fold degenerate electronic states (𝐸) , and due to 𝐸⨂𝐸 = 𝐴'⨁𝐸, can couple with 

vibrational mode (𝑒) leading to the famous 𝐸⨂𝑒 JT problem. 

(P)JTE can also observed in degenerate relativistic states (including the SOC). Although it 

is well-established that JTE/PJTE is typically suppressed by inclusion of SOC, commonly 

referred to as the Ham effect.[257, 258] The Ham effect arises from SOC effect, which 

eliminates degeneracy (SO splitting) through states mixing, which ultimately quenches the 

JTE. Nevertheless, the recent research studies have shown that in certain electronic 

configurations, SOC can either suppress or activate the JTE, highlighting the complexity and 

context-dependent nature of these interactions.[259, 260] 

 

 

 
Figure 6.3. Simplifed representations of a) JTE and b) PJTE. For a) JTE, there is no PES min. 

at the point of high symmety (𝑄*) of two-fold degererate electronic state (Δ𝐸 = 0). That 

results in instability along 𝑄 distortion mode, till the system find stability at the in two distorted 

configurations at ±Δ𝑄P(%. For b) PJTE, at (𝑄*) the electronic states are nealy degenerate 

(Δ𝐸 ≳ 0). [adapted from Ref.[255]] 
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6.4. Light Polarization, Natural and Induced Optical Activity 

In quantum mechanics, both electrons and photons intrinsically have magnetic angular 

momentum, known as spin. Photon is integer-spin boson 𝑆 = 1, and the unpolarized light is a 

superposition of the two allowed spin polarization states |𝑚< = ±1⟩ for left |𝐿𝐶𝑃⟩ and right 

|𝑅𝐶𝑃⟩ circularly polarized photons, respectively.  

Chemical materials are considered optically active if they differentially absorb or emit 

circularly polarized photons of different handedness, namely left-handed |𝐿𝐶𝑃⟩ and right-

handed |𝑅𝐶𝑃⟩ circularly polarized photons (𝐼KLM ≠ 𝐼>LM). [96, 261] The optical activity could 

be natural or induced.  

Natural optical activity is mainly due the molecular chirality (handedness) of the chemical 

structure. In chiral molecules, the structures are arranged in non-superimposable mirror images 

known as stereochemical enantiomers where they oppositely interact with CP light in a way 

leads to optical rotation.[96, 261, 262] Natural optical activity are detected in molecules,[96, 

261] clusters, [263] crystals[264]and nanomaterials[265, 266]. In addition, it could be due to 

the anisotropic environment, for instance anisotropic distribution of solvents, or anisotropic 

crystal field (CF) in solids. The optical activity is primarily attributed and correlated to the 

specific distribution of electronic charge within chiral materials. Consequently, such materials 

exhibit chiroptical spectroscopies, which can investigate the chirality of material at different 

level and classified according to the propped transitions. In UV/vis region probing transitions 

of valence electrons leads to electronic circular dichroism (ECD) followed by circularly 

polarized luminescence (CPL), which respectively provide insights into the CP absorption and 

emission processes. They are considered complementary and offer a comprehensive 

understanding of the ground and excited state properties in chiral molecules. Molecular 

vibrations are also sensitive to the handedness, which is manifested in the vibrational circular 

dichroism (VCD) or the Raman optical activity (ROA).[96] Finally, CD is also extended x-ray 

region to investigate the chirality via the core-electron excitations leading to X-ray natural 

circular dichroism (XNCD).[267] 

Although, achiral molecules are optical inactive by nature, the optical activity can be 

induced by external factor. One of the most famous is by external magnetic field (Faraday 

effect) which perturbing the electronic structure and magnetic properties of energy levels 

(Zeeman effect) involved in the optical transition and affect the response to absorb or emits CP 
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light. That is exhibiting in the magnetic circular dichroism (MCD) and magnetic circularly 

polarized luminescence (MCPL) spectroscopies for absorption and emission, respectively.  

 

 
Figure 6.4. a) CPL selection rules for a ground singlet S and an excited triplet T states 

interacting through SOC. b) The resulted LCP and RCP components of the photoluminescent 

(PL) spectrum. c) The resulted LCP-RCP circularly polarized photoluminescence (CPL) 

spectrum together with the LCP and RCP CPL components. 

 

However, for materials with unpaired electrons (Spin	(𝑆) ≥ 1/2) in the absence of external 

magnetic field, the degeneracy of spin microstates is left leading to states splitting (ZFS). As 

discussed in Section 4.4.7, ZFS takes place due to inter-electron repulsion, exchange effect of 

the unpaired electrons, spin-orbit, and spin-spin couplings. ZFS causes magnetic anisotropy 

and can be measured in terms of 𝐷, 𝐸 parameters describing the axial and rhombic anisotropy. 

ZFS is common in materials with strong SOC, such as materials including heavy TM or RE 
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atoms, where ZFS range between few to thousands cm-1 of energy, directly dependent on the 

SOC strength. For instance, as show in Figure 6.4, for a triplet excited state 2𝑆 + 1 = 3,  with 

magnetic sublevels |𝑚< = 0,±1⟩, which when relax to the ground singlet state 2𝑆 + 1 =

1, |𝑚< = 0⟩ will give CP luminescence. Specifically, the relaxation | T,	
j 𝑚< = ±1⟩ → | S,	' 0⟩ 

takes place incorporating a change in spin magnetic angular momentum (Δ𝑚< = ±1) which 

should be compensated, due conservation of angular momentum, by the photon spin angular 

momentum leading to natural CPL or MCPL where splitting caused by ZFS or external 

magnetic field, respectively. 

6.5. Radiative Transitions and Spectroscopies 

6.5.1. Fermi’s Golden Rule  

Fermi’s Golden Rule provides the rate of atomic or molecular electronic transitions (𝑘) take 

place between a set of stationary initial |𝐼⟩ and final |𝐹⟩ state(s). The Radiative transitions rates 

can be calculated from the transitions probabilities based of the transition matrix elements in 

the framework of perturbation theory.[112] 

𝑘(→� =
2𝜋
ℏ 	��𝐹�𝐻

��𝐼��&	𝛿(𝐸�) (6.15) 

where �𝐹�𝐻��𝐼� is the matrix element of the perturbation operator *𝐻�, between initial and final 

states, 𝛿 is the density of final states. 𝐻� is the electronic transition operator between the two 

states which can be induced by external EM field. Alternatively, the full field-matter interaction 

operator (FFMIO) can be considered by the inclusion of the electromagnetic vector potential 

in the Hamiltonian for the molecular system.[268] That will be discussed in the next section. 

6.5.2. Optical Transition probabilities and oscillator strengths 

The general treatment of linear (i.e. one-photon) absorption of light by molecules 

conventionally starts by considering the electronic Hamiltonian operator of the molecule under 

the influence of a classical electromagnetic radiation field in the coulomb gauge, i.e.: 

𝐻� = °
1
2𝑚b

�𝒑»(
& + 2𝑒𝑨(𝒓( , 𝑡) ⋅ 𝒑»(�± + 𝑉(𝒓', … , 𝒓c)

c

(_'

 (6.16) 
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where 𝒑»( is the momentum operator of electron 𝑖, 𝑉	is the total potential for the coulombic 

interactions between electrons themselves and between electron and the system’s nuclei. In the 

Equation (6.16), higher orders in the vector field 𝑨 have been neglected since the weak-field 

approximation is assumed. The choice of the coulomb gauge facilitates the separation of the 

total light-matter Hamiltonian in two parts namely, 𝐻� = 𝐻�(*) + 𝐻�('), where the first term is 

the isolated electronic Hamiltonian of a system and the second represents the additional term 

that is due to the presence of the radiation field. The splitting of the Hamiltonian in two parts 

as shown above makes the utilization of perturbation theory to treat radiative transitions 

possible.     

Calculation of Oscillator Strengths 

The combination of the Hamiltonian described above with perturbation theory permits one to 

describe the probability of one-photo absorption and the subsequent transition of the molecules 

from the initial (or ground) electronic state Ψ* to a final Ψ%  using the so-called oscillator 

strengths 𝑓*%which are dimensionless quantities, 

𝑓*% =
2𝑚b

𝑒&𝐸*%
|𝑇*%|& (6.17) 

where 𝐸*% is the transition energy and 𝑇*% the corresponding transition moment. The different 

ways to compute oscillator strengths rely on different ways to approximate the transition 

moments and have their particular strengths and drawbacks[269, 270] 

The most straightforward way of computing oscillator strengths relies on a series expansion 

of the spatial part of the radiation field of the interaction Hamiltonian contained in 𝑇*%, i.e. 

𝑒(𝒌⋅𝒓 = 1 + 𝑖𝒌 ⋅ 𝒓 − 1 2⁄ (𝒌 ⋅ 𝒓)& +⋯, that eventually results in the multipole expansion of 

𝑇*% as 𝑇*%PON$ = 𝑇*%
(*) + 𝑇*%

(') + 𝑇*%
(&)+…, which in principle is infinite. At the infinite limit the 

corresponding oscillator strength 𝑓*%PON$, is endowed with the expected properties of 𝑓*%, 

namely the positive definiteness 𝑓*% ≥ 0 and invariance under arbitrary shifts of the coordinate 

origin with respect to which the various 𝑇*%
(%) are defined, i.e. 𝑓*%(𝐑m@ ) = 𝑓*%(𝐑m).  

In this concept the spectroscopic relevant observable quantities arise by truncation of |𝑇*%|& 

up to first order in the wave vector 𝒌	which leads to electric dipole, magnetic dipole, electric 

quadrupole terms, 
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𝑓*% = 𝑓*%
(*) + 𝑓*%

(') + 𝑓*%
(&) =

2𝑚b

𝑒&𝐸*%
£𝑇*%

(*)£
&
+
2𝑚b

𝑒&𝐸*%
£𝑇*%

(')£
&
 (6.18) 

or 

⟨𝑓*%⟩A�� = ¢𝑓*%
�|"�¤

A��
+ ¢𝑓*%

��"�¤
A��
+ ¢𝑓*%

�P"�¤
A��

 (6.19) 

where the 〈⬚〉A�� stands for classically isotropically averaged quantities for randomly oriented 

molecules. 

The general exact expression for the oscillator strength for a transition from the ground 

electronic state to an arbitrary one, as given above, still holds even in the presence of the SOC 

operator,  

〈𝑓%*〉� =
1
𝐸*%

  ½⟨0| 𝑒+(7q#
'
𝑝̂(e@ |𝑛⟩

c

(_'

½

&⬚

e_9,:

 (6.20) 

with the difference being that now the wavefunctions are complex instead of purely real. If we 

denote the complex conjugate of the ground state wavefunction as Ψ*∗ = Ψ*�t − 𝑖Ψ*�` and the 

excited state wavefunction as Ψ% = Ψ%�t + 𝑖Ψ%�` . Hence within the multipole expansion 

formalism the total oscillator strength can be written as: 

𝑓*% ≈ 𝑓*%
�|"� + 𝑓*%

��"� + 𝑓*%
�P"� (6.21) 

which in the length representation take the form, 

𝑓*%
�|"� =

2𝑚b𝐸*%
3𝑒&ℏ& ; (Re𝜇e*%)&

⬚

e

+ (Im𝜇e*%)&
⬚

e

> (6.22) 

𝑓*%
��"� =

𝑚b𝐸*%j

20𝑒&ℏ�𝑐& ?@ *Re𝑄eg*%,
& −

1
3; Re𝑄ee*%

⬚

e

>

&⬚

eg

A

+@ *Im𝑄eg*%,
& −

1
3;  Im𝑄ee*%

⬚

e

>

&⬚

eg

AB 

(6.23) 
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𝑓*%
�P"� =

2𝑚b𝐸*%
3𝑒&ℏ& ; (Im𝑚e

*%)&
⬚

e

+ (Re𝑚e
*%)&

⬚

e

> (6.24) 

 

Selection rules for Electronic Transitions 

The electronic transitions between energy levels are governed by rigorous constrains, referred 

as selection rules. These rules are crucial in determining the probability and intensity of 

electronic transitions. They can be summarized in two primary selection rules. 

a) The Spin Rule (𝜟𝑺	 = 	𝟎) 

This rule dictates that allowed transitions involve the promotion of electrons without a 

change in their spin. Ideally, it forbids transitions between states with different total spin, 

allowing transitions only between states with the same total intrinsic spin (𝛥𝑆	 = 	0). 

b) The Orbital (Laporte) Rule (𝜟𝒍	 = 	±𝟏) 

This rule is applicable to molecules with a center of symmetry. It forbids transitions 

within a given set of d or f orbitals if the molecule has a center of symmetry. Hence, 

transitions within a subshell (like, d→d or f→f), involving a redistribution of electrons 

within the same set of orbitals, are forbidden. 

Despite these selection rules, they can be broken or relaxed through various mechanisms: 

a) The spin-orbit coupling 

This leads to weak spin-forbidden bands, through mixing with state with different spins. 

b) The vibronic coupling 

When the molecule's vibrations cause temporary distortions in molecular symmetry, 

allowing transitions in those moments. 

c) Orbital Mixing 

Mixing of 𝜋-ligand orbitals into f or d orbitals, making transitions no longer purely f→f 

or d→d. 

Finally, besides the localized metal center (MC) transitions, there are charge transfer (CT) 

Transition, involving a transfer of the electronic density from one center to another. CT could 

be metal-to-ligand CT (MLCT), or ligand-to-metal CT (MLCT). These transitions are usually 
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happening at high energy with a large transition dipole moment. It is more extended 

(delocalized) transition, significantly affecting vibronic and orbital mixing.  

6.6. Fermi’s Golden Rule and Path Integral 

6.6.1. Absorption and luminescence rates and spectra (ABS, PL) 

As we shown in Equation (6.15), the absorption or the spontaneous photoluminescence 

cross section between a set of stationary initial |𝐼⟩ and final |𝐹⟩ state(s) is given by the general 

expression of the Fermi’s golden rule: 

𝜎�wl/MK(𝜔) =
4𝜋&

𝑐*𝜔�wl/MK − 𝜔kv,
	|𝑇vk|&𝛿*𝐸kv ± 𝜔�wl/MK, (6.25) 

 where 𝜔�wl/MK are the excitation and emission photon energies respectively while 𝜔kv are the 

energies between the initial and final states reached in the absorption or the photoluminescent 

processes.	𝐸kv is the transition energy and 𝛿 refers to the line-broadening mechanism arising 

from the lifetimes of the relevant final states and c is the speed of light. 𝑇vk denotes the 

transition probability which can be accurately calculated, in the framework of FFMIO operator, 

[268]  as previously discussed in Section 6.5.2. Within the electric dipole approximation (ED) 

the respective radiative rates for the absorption and the spontaneous photoluminescence are 

given by Equations (6.26) and (6.27), respectively. 

𝑘�wl(𝜔) =
4𝜋&𝜔�wl

3 	 ��Ψv|𝜇̂|Ψx��
&𝛿(𝐸kv ± 𝜔�wl)

k

 (6.26) 

𝑘MK(𝜔) =
4𝜔MKj𝑛&

3ℏ𝑐j 	 ��Ψv|𝜇̂|Ψx��
&𝛿(𝐸kv ± 𝜔MK)

k

 (6.27) 

where 𝜇̂ defines the electric dipole operator as 𝜇̂ = ∑ 𝑍�𝑅��� − ∑ 𝑟 »( ,  here 𝐴 sums over nuclei 

with charges 𝑍� at positions 𝑅�� , 𝑛 is the refractive index, ℏ is the plank constant divided by 2π. 
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6.6.2. Circularly polarized absorption and luminescence rates and 
spectra (ECD, CPL) in chiral molecules 

As it has been shown many times[268, 271, 272] by defining a laboratory frame in which the 

𝑧̂-axis defines the direction of the light trajectory, circular polarized light interactions can be 

generated with the use of the complex vectors ℇ± =
'
√&
(𝑥È ± 𝚤𝑦» ). In this framework, the FFMIO 

operator transforms as: 

𝑇vk
± =

1
√2

 �𝐼�𝑒+(¢£$(𝜀 ∙ 𝑝̂9)�𝐹� ± �𝐼�𝑒+(¢£$*𝜀 ∙ 𝑝̂:,�𝐹�
c

?_'

 (6.28) 

In both ECD and CPL spectroscopies the measured intensities are related to the difference 

of absorption or photoluminescence of the left and right polarized transition moments given 

by: 

∆vk
K±>(k,ℇ) = |𝑇vk+ |& ± |𝑇vkr |& (6.29) 

which leads to the following expressions for the sum and the difference of the square moduli 

|𝑇vk
±|&: 

∆vkKr>(k,ℇ) =
1
2 �𝐼�

∑ 𝑒+(¢£$(𝜀 ∙ 𝑝̂9)c
?_' �𝐹��𝐼� ∑ 𝑒+(¢£$*𝜀 ∙ 𝑝̂:,c

?_' �𝐹� (6.30) 

∆vkK+>(k,ℇ) = −𝐈𝐦*�𝐼� ∑ 𝑒+(¢£$(𝜀 ∙ 𝑝̂9)c
?_' �𝐹��𝐼� ∑ 𝑒+(¢£$*𝜀 ∙ 𝑝̂:,c

?_' �𝐹�, (6.31) 

It has been shown that inclusion of magnetic field and taking into account Zeeman 

interactions and performing orientational average on expression (6.31) can formulate magnetic 

circular dichroism (MCD) expressions in the framework of FFMIO operator.[268]   

Alternatively, within the ED approximation and upon orientational average, Equation 

(6.30) can be used to generate ABS and PL cross sections presented in Equations (6.26) and 

(6.27). Likewise, Equation (6.31) by including ED and magnetic dipole (MD) interactions 

upon orientational averaging will generate the respective ECD and CPL radiative transition 

rates:  
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𝑘SL�(𝜔) =
16𝜋&𝜔SL�

3 	  𝐈𝐦(|⟨Ψv|𝜇̂|Ψk⟩⟨Ψk|𝑚»|Ψv⟩|)𝛿(𝐸kv ± 𝜔SL�)
k

 (6.32) 

𝑘LMK(𝜔) =
16𝜔LMKj𝑛&

3ℏ𝑐j 	  𝐈𝐦(|⟨Ψv|𝜇̂|Ψk⟩⟨Ψk|𝑚»|Ψv⟩|)𝛿(𝐸kv ± 𝜔LMK)
k

 (6.33) 

As above 𝜇̂ defines electric dipole operator while 𝑚»  is the respective magnetic dipole 

operator 𝑚» = '
&P.�

∑ 𝑟( × 𝑝 »(   , me is the electron mass. In the above expressions 

𝐈𝐦(|⟨Ψv|𝜇̂|Ψk⟩⟨Ψk|𝑚»|Ψv⟩|) represents the rotatory strength (RIF). 

 Quite commonly the ECD and CPL spectral intensities are represented against normalized 

absorption and photoluminescent intensities defining, similar expressions for, the dissymmetry 

factors gabs and glum: 

∆vk
K±>(k,ℇ) = |𝑇vk+ |& ± |𝑇vkr |& (6.34) 

 

𝑔IJ<	(𝐸𝐶𝐷) = 2
𝐼KLM 	− 	 𝐼>LM
𝐼KLM 	+ 	 𝐼>LM

		~	
4𝑅
𝐷 K¤l	l$8O�$O8b

; 			−2 < 𝑔IJ< < 2 (6.35) 

𝑔NOP(𝐶𝑃𝐿) = 2
𝐼KLM 	− 	 𝐼>LM
𝐼KLM 	+ 	 𝐼>LM

		~	
4𝑅
𝐷 KSl	l$8O�$O8b

; 			−2 < 𝑔NOP < 2 (6.36) 

where 𝐼KLM/>LM is the left and right polarized components of the involved absorption or 

emission process. D and R the square of the transition dipole and the Rotatory strength 

respectively.[79] 

6.6.3. Excited State Dynamics (ESD)  

It has been shown that a more direct way to compute linearly and circularly polarized transition 

rates proceeds through the path integral approach[251, 273-281] in which it is possible to 

calculate 𝑘MK/LMK#J<  from the Fourier Transform (FT) of the respective correlation function 𝜒($) 
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that is computed from the path integral of the multidimensional harmonic oscillator according 

to: 

𝑘�wl/MK/SL�/LMK#J< (𝜔) = 2𝛼ℛ𝑒ô 𝜒($)

)

*

𝑒±(4$𝑑𝑡 (6.37) 

with 𝛼 being a collection of constants while in the exponential TD treatment for ABS and ECD 

one selects the positive sign and the negative sign for PL and CPL. Hence for linearly polarized 

transition one-photon rates (ABS, PL) within the ED approximation the correlation function 

takes the form[273, 274, 282]: 

𝜒($) = 𝑒±(4$ M|𝜇b|&𝜌kL(𝑡) + 
𝜕𝜇b∗

𝜕𝑄N77

𝜇b𝜌7
~=/kL(𝑡) 		+ 𝜇b∗

𝜕𝜇b
𝜕𝑄N77

𝜌7
~=/kL(𝑡) 	

+	 
𝜕𝜇b∗

𝜕𝑄N77N

𝜕𝜇b
𝜕𝑄NN

𝜌7~=(𝑡)	O 

(6.38) 

while for circularly polarized transition one-photon rates (ECD, CPL) considering electric 

dipole and magnetic dipole interactions in the expression of the  rotatory strengths it takes the 

form[282]: 

𝜒($) = 𝑒±(4$ M𝐈𝐦[𝜇b𝑚b
∗]𝜌kL(𝑡) +  𝐈𝐦 P𝜇b

𝜕𝑚b
∗

𝜕𝑄N7
Q

7

𝜌7
~=/kL(𝑡) 		

+  𝐈𝐦 P
𝜕𝜇b
𝜕𝑄N7

𝑚b
∗Q

7

𝜌7
~=/kL(𝑡) 	+	  𝐈𝐦 P

𝜕𝜇b
𝜕𝑄N7

𝜕𝑚b
∗

𝜕𝑄NN
Q

7N

𝜌7~=(𝑡)	O 

(6.39) 

where 𝜇b and 𝑚b represent the respective transition dipole ⟨Ψv|𝜇̂|Ψk⟩ and magnetic dipole 

⟨Ψk|𝑚»|Ψv⟩	moment integrals between initial and final states 𝐼, 𝐹 while: 

𝜌kL = 𝑇𝑟(𝑒+(~�¥𝑒+(~�¥) (6.40) 

𝜌7
~=/kL = 𝑇𝑟(𝑄N7𝑒+(~

�¥𝑒+(~�¥) (6.41) 
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𝜌7N~= = 𝑇𝑟(𝑄N7𝑒+(~
�¥𝑄NN𝑒+(~

�¥) (6.42) 

 

where, these traces *𝜌kL , 𝜌7
~=/kL , 𝜌7N~=, are evaluated following the approach discussed in 

Ref[273] within the ESD module as implemented in ORCA. 

6.6.4. Thermal Statistical Mechanics 

For a long-lived excited state with closely spaced higher excited states, the energy rapidly 

undergoes thermal redistribution among them. In this scenario, all states contribute to the final 

emission rate and spectra. This situation is particularly common in phosphorescence, where the 

inclusion SOC causes non-relativistic states to split into (nearly-)degenerate emissive 

sublevels, where each may exhibit unique behaviors. For example, in the case of an emissive 

triplet state, the observed radiative phosphorescence or CPP rates 𝑘MK/LMK#J<  can be determined 

using Equations (6.27) and (6.33), taking into account the Boltzmann population for each 

state[283]  according to Equation (6.43). 

𝑘MK/LMK#J< =	
𝑘' 	+ 	𝑘&	𝑒+(∆S"23 74=)⁄ 		+ 	𝑘j	𝑒+(∆S523 74=)⁄

1	 +	𝑒+(∆S"23 74=⁄ ) 		+ 	𝑒+(∆S523 74=⁄ )	
 (6.43) 

where 𝑘% are the relaxation rates constant of each magnetic sublevel, (𝑛 = 1 − 3), and ∆𝐸%+' 

are the energy difference between the magnetic sublevels and the lowest sublevel. 𝑇 is the 

temperature and 𝑘w is the Boltzmann’s constant. 

6.7. Non-Radiative Transition Rates and Quantum Yields 

Apart from linearly and circularly polarized radiative rates, in photoluminescence the involved 

states can undergo temperature dependent non-radiative relaxation.[284] The luminescence 

photophysics may be perturbed by non-radiative processes such as internal conversion (IC) and 

intersystem crossing (ISC).  Both unpolarized and circularly polarized radiative rates should 

take into account excited states that undergo temperature dependent non-radiative relaxation. 

Within the harmonic approximation and  weak coupling limit between the emissive and ground 

states, non-radiative rates follow the so called weak-coupling limit of “energy gap law” as 

derived by Englman and Jortner.[284] In the ‘classical’ description the respective potential 
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energy surfaces PESs show only small displacement, with small Huang Rhys factor (𝑆 ≲ 1), 

from each other and the excited state relaxation process proceeds through the zeroth order 

vibronic states. Quantum mechanically non-radiative ISC rates between initial |𝐼⟩ and final |𝐹⟩ 

state(s), can be estimated by,[285, 286] 

𝑘vlL =
2𝜋
ℏ 	 

|⟨Ψk|𝐻lmL|Ψv⟩|&𝛿(𝐸kv)
k

 (6.44) 

Hence, similar to radiative rates 𝑘�wl/MK, 𝑘vlL  can be calculated in the framework of ESD 

through the path integral approach and within the FC/HT approximations. Hence, similarly to 

radiative phosphorescence, the non-radiative rate of (𝑇' ⇝ 𝑆*	𝐼𝑆𝐶) can be calculated 

employing Equation (6.44) considering the Boltzmann populations over sublevels with spin 

projections 𝑀𝑠 = 0,±1, as shown in Equation (6.43). 

Knowledge of the radiative (𝑘8)	and non-radiative (𝑘%8)	rates provides access to the 

respective relaxation times (𝜏8 and 𝜏%8) as well as to the PLQY quantity  (ΦMK) as given in 

Equation (6.45). 

ΦMK =
𝑘8

𝑘8 + 𝑘%8
	 (6.45) 

6.8. Spin-vibronic/phonon Coupling 

Inclusion of spin-vibronic coupling effects, i.e., effect of vibronic coupling on spin-orbit 

coupled states, in photoluminescent processes requires treatment of the magnetic properties 

induced within the excited (emissive) multiplet. Here, we assume a triplet (𝑆 = 1) excited state 

relaxation. 

6.8.1. Spin Hamiltonian 

As discussed in Section 4.4.7, an excited state spin-Hamiltonian which at zero field and by 

excluding nuclei interactions consist by only the zero-field splitting (ZFS) term  

𝐻�l,nkl = 𝑆Ç=𝐷𝑆Ç =  𝐷(?𝑆Ç(𝑆Ç?
(,?

 (6.46) 
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Typically, ZFS matrix in the SH is set to traceless and symmetric (e.g. the ZFS matrix is 

diagonal in its eigenframe) so that 

𝐻�l,nkl = 𝐷 �𝑆Çq& −
𝑆(𝑆 + 1)

3 � + 𝐸(𝑆Ç9& − 𝑆Ç:&) (6.47) 

and within, for instance, an 𝑆 = 1 excited multiplet it takes the matrix form  

𝐷nkl = T
−1/3𝐷 + 𝐸 0 0

0 −1/3𝐷 − 𝐸 0
0 0 2/3𝐷

U (6.48) 

with 𝐷 = 2/3𝐷q , 𝐸 = (𝐷9 − 𝐷:)/3 

6.8.2. Spin-vibronic / Spin-Phonon Coupling Effects 

Under vibronic coupling conditions the effective Hamiltonian takes the form: 

𝐻�b�� =	𝐻�l +	𝐻��(J +	𝐻�l+�(J (6.49) 

where 𝐻"!	corresponds to the static Spin Hamiltonian, including only the zero-field terms at 

zero-field as defined in Equation (6.47) while 𝐻""#$ corresponds to the vibrational Hamiltonian 

which in the Harmonic oscillator approximation takes the form: 

𝐻��(J = ℏ𝜔	(𝑛 +
1
2) 

(6.50) 

The respective Spin-vibrational Hamiltonian 𝐻"!%"#$ is defined by restricting to linear terms 

of the expansion of the Spin-Hamiltonian in a series of normal modes 𝑄( . Hence by taking into 

account Equation (6.47) for the Spin-Hamiltonian it takes the form: 

𝐻�l+�(J =
𝜕𝐷
𝜕𝑄*

𝑄( °𝑆Çq& −
1
4± +

𝜕𝐸
𝜕𝑄*

𝑄((𝑆Ç9& − 𝑆Ç:&) (6.51) 

The basis of the Hamiltonian consists of a set of functions given by products of magnetic 

sublevels |𝑆 = 1,𝑀l⟩, 𝑀l = 1,0, −1  and harmonic oscillator wavefunctions	|𝑛⟩, n-the 
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vibrational number with energies given by Equation (6.50). Assuming weak vibronic coupling 

limit 

ℏ𝜔 ≫ 	 ¢𝑀l£𝑆Çq& −
1
4 £𝑀l

@¤ ⟨0|𝑄(|1@⟩ (6.52) 

ℏ𝜔 ≫ 	 �𝑀l�𝑆Ç9& − 𝑆Ç:&�𝑀l
@ ± 2�⟨0|𝑄(|1@⟩	 (6.53) 

the basis functions consist of the ground and the first excited state manifolds 𝑀l, 𝑀l
@ 	where one 

vibrational quantum state has been excited ⟨0|𝑄(|1@⟩. 

In the presence of n coupled vibrational quantum states the effective Hamiltonian 𝐻�b��	takes 

the general form 

𝐻�b�� =	

⎝

⎜⎜
⎛

𝐻»𝑆 𝐻�l+�(J' 𝐻�l+�(J& 𝐻�l+�(Jj ⋯
𝐻�l+�(J'∗ 𝐻»𝑆 + ℏ𝜔'𝐼 0 0 0
𝐻�l+�(J&∗ 0 𝐻»𝑆 + ℏ𝜔&𝐼 0 0
𝐻�l+�(Jj∗ 0 0 𝐻»𝑆 + ℏ𝜔j𝐼 0

⋮ ⋮ ⋮ ⋮ ⋯⎠

⎟⎟
⎞

 (6.54) 

This implies that in the concept of spin-vibronic coupling along a photoluminescent process it 

is possible to determine the static 𝐻"! ZFS parameters of the emissive excited multiplet by 

employing the effective Hamiltonian approach at the equilibrium geometry. In a second step 

by formulating the energy potential (PES) scans for ground and excited relativistically 

corrected states, along the different contributing normal modes provides access to the various 

spin-vibronic coupling constants per contributing normal mode.
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7 Modelling of Photoluminescent Molecules and solids  

Photoluminescent materials commonly manifest in condensed states, such as solutions, 

powdered forms, and crystalline solids. The different environments can significantly impact 

the optical properties and must be properly considered when conducting modeling and 

calculations. This chapter gives an overview on approaches employed to model molecules 

within solution environments to capture the solvent effects and solids predominantly utilizing 

the embedded cluster approach. 

7.1. Molecular Models for Finite Molecules (Solvent Effect) 

Treating of solvents in computational chemistry is an important aspect of accurately modeling 

molecular systems in diverse environments.[100] Solvents have a considerable influence over 

the behavior, stability, and properties of molecules, and most importantly electronic and optical 

response, so precise representation of their effects is crucial to achieve chemical accuracy.[287] 

In the exploration of optical spectroscopy, the influence of solvents on optical spectra, known 

as solvatochromism, is of paramount importance.[108, 288-292] This significance is 

particularly pronounced in decay (emission) processes, where environmental factors not only 

impact the energy of excited states but also determine the lowest energy (emissive) state. Of 

special interest, inorganic molecules dominated by charge-transfer (CT) transitions, 

specifically those involving intramolecular charge transfer from a donor to an acceptor part of 

the molecule, often linked by conjugated or aromatic bridges, exhibit high sensitivity of CT 

transitions to the surrounding environment.[79, 293-298] 

During the excitation process, changes in charge distribution result in substantial alterations 

in dipole moments, leading to pronounced modifications in interactions with the environment. 

Moreover, when hydrogen-bonding sites are involved in CT transitions, the excitation process 

induces further changes, such as protonation or conformational alterations, in the local 

environment. Additionally, the solvent effect on the CT excited state can give rise to new 
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nonradiative deactivation channels, potentially reducing the fluorescence quantum yield and 

even can cause complete quenching.[288, 292, 299-303] 

In light of these considerations, a molecular probe exhibits noticeable solvatochromism 

when it possesses specific characteristics that render its intermolecular interactions highly 

sensitive to even minor environmental changes. Key factors in this sensitivity include the 

nature of excited states, effects on the transition dipole, transition rates, and quantum yields—

all of which significantly impact the spectroscopic emission signal in terms of energy and 

spectral features. [79, 108, 278, 294, 295] 

Incorporating solvent effects into computational simulations entails the utilization of several 

solvation models, with two main approaches: explicit and implicit solvation models. However, 

each comes with its own advantages and limitations. 

7.1.1. Explicit Solvation Models 

Explicit solvation models involve the inclusion of solvent molecules within the simulation, so, 

their interaction with solute molecules is treated quantum mechanically. One common 

approach is to use DFT and TD-DFT methods to encompass solvent effects on electronic 

structure and properties of ground and excited states. That will provide a high level of accuracy 

in capturing solute-solvent interactions, which is valuable for studying systems with specific 

and intricate solvent effects. However, this method proves to be very computational demanding 

and limited to few solvation layers.[304] 

Other approach, to overcome such limitations, is by employing Quantum 

Mechanics/Molecular Mechanics (QM/MM) methods. Now, the molecule or active site of the 

considered studied property is treated at QM methods, and embedded in solvent sphere treated 

with MM simulations employing explicit solvent molecules intermolecular potentials (force 

fields).[305-307] However, Conventional force fields assume static charges neglecting 

polarization effects introduced by solvents. However, an improved treatment can be achieved 

by using polarizable force fields enabling dynamic adjustment of atomic charges in response 

to local surroundings and giving more precise representation of solvent-solute 

interactions.[308] Finally, the electrostatic interactions between the two regions (QM and MM) 

can be considered at different levels of sophistication, including either mechanical embedding, 

electrostatic embedding or polarized embedding. 
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While explicit solvation models, can give more precise and accurate descriptions, they are 

computationally demanding, particularly for large systems. In addition, defining the correct 

solvation sphere and achieving sufficient sampling can be challenging, potentially impacting 

the reliability of the results.[309-311] 

7.1.2. Implicit Solvation Models 

Implicit solvent models, such as the conductor-like continuum polarization model (C-PCM) 

[312] and solvation model based on density (SMD)[313], are instrumental by effectively 

approximate the solvent surroundings without the need to place multiple solvation shells of 

solvent molecules. Instead, they mimic the effect of a specific solvent on the solute by 

representing the solvent as a continuous dielectric medium governed by adjustable parameters, 

including a dielectric constant that dictates the degree of electrostatic screening.[314] Implicit 

solvation models are particularly advantageous in scenarios where explicit solvent treatment 

proves computationally demanding.[311] 

In C-PCM, the solute is placed within a cavity of roughly molecular shape, and the solvent 

reaction field is described by apparent polarization charges on the cavity surface. These charges 

can be either treated as point charges or modelled as spherical Gaussians.[315] In ORCA, when 

Gaussian charges are considered, the charge positions are determined following a Lebedev 

quadrature approach. This scheme is known as Gaussian Charge Scheme.[316] 

The general procedure of implicit solvation can be summarized as follows; the molecular 

Hamiltonian of the isolated system is perturbed by the solvent, 

𝐻� = 𝐻�(*) + 𝑉�  (7.1) 

where 𝐻�(*) is the Hamiltonian of the isolated molecule, and 𝑉�  is the solute-solvent interactions. 

The SCF procedure leads to the variational minimization of the free energy of the solute 𝐺  

𝐺 = ⟨Ψ|𝐻�(*)|Ψ⟩ + '
&
⟨Ψ|𝑉�|Ψ⟩   (7.2) 

Using the conductor-like boundary condition, the electrostatic potential can be determined by  

𝑉(𝒓) + 𝑉§#(𝒓)

c6

(

= 0 (7.3) 
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where 𝑉 and 𝑉§#  are the electrostatic potential due to the solute and the polarization charges, 

respectively. 𝑟 is a point on the cavity surface, and 𝑁§ is the total number of solvation charges. 

The vector of polarization charge can then be determined by  

𝑨𝑸 = −𝑽 (7.4) 

where the vector	𝑽 contains the electrostatic potential due to the solute at the position of the 

charges. The elements of the matrix 𝑨 of gaussian charges are   

𝐴(? =

⎩
⎪
⎨

⎪
⎧ 𝜁(á2/𝜋

𝐹(
, 𝑖 = 𝑗

erf*𝜁(?𝑟(?,
𝑟(?

, 𝑖 ≠ 𝑗
 (7.5) 

where,	𝜁(  is the exponent of the Gaussian charge 𝑖 (within the sphere 𝐼), 𝜁(? = 𝜁(𝜁?/c𝜁(& + 𝜁?&, 

and 𝑟(? = �𝑟( − 𝑟?�. The point charges can be designed by Lebedev grid[315] and erf 	is the 

gauss error function. The function 𝐹(, is an improved gaussian switching function, measures 

the contribution of the Gaussian charge 𝑖 to the solvation energy and given as[317] 

𝐹( = ´ °1 −
1
2 ²erf�𝜁((𝑅x − 𝑟(x)� + erf�𝜁((𝑅x + 𝑟(x)�³±

¨©�`�

x,(∉x

 (7.6) 

where, 𝑅x is the radius of sphere 𝐽. 

Clearly one of the advantages of implicit solvation models is its simplicity of 

implementation.[316-318] Furthermore, they are computationally efficient than explicit 

alternative, rendering them particularly suitable for investigating large systems and when 

expensive high level computational methods (e.g., CCSD, MRCI) are essential for probing 

molecular properties. Nevertheless, these models fall short in providing detailed insights into 

the intricate arrangement and dynamics of individual solvent molecules. Additionally, the 

accuracy of these models may be sensitive to the choice of parameters, and their 

generalizability across different types of solutes could pose challenges. Despite these 

limitations, implicit solvation models continue to hold as valuable tools in computational 

studies.[311, 319, 320] 
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7.2. Clusters Models for Solid-State Materials 

Inorganic crystalline solid-state materials possess significant potential for diverse industrial 

and technological applications, including catalysis, LED lighting, sensors, and switches.[17-

20, 30-33, 321-323] Modeling these materials involves intricate extended arrangements of 

cations and anions held together by ionic and covalent bonds, introducing unique 

characteristics and challenges.[321] Notably, both short-range and long-range electrostatic as 

well as polarization effects must be considered, with the latter two being particularly intricate 

in systems featuring covalent bonds with highly polarizable atoms, such as O2- or N3- within 

the crystal. 

Commonly, these materials are studied within the framework of a supercell periodic 

approach employing DFT and TDDFT, addressing ground and excited state properties, 

respectively.[321] However, this approach is typically limited to lower-level DFT formulations 

(e.g., GGA), which is insufficient for accurately capturing a wide range of properties. 

Extending to higher-level DFT functionals (hybrid/double hybrid) or more accurate electronic 

structure methods (e.g., CCSD(T), MRCI) is challenging due to computational demands.  

However, periodic calculations employing plane wave function bases continue a suitable 

method for modeling metals. Metals typically described by “Ions in a sea of electrons” or “Soft 

Sphere” models,[324] with valence electrons move freely and are highly delocalized 

throughout the crystal lattice, influenced by the arrangement of nuclei and core electrons. 

Alternatively, cluster models, when properly embedded, offer a more practical route for 

exploring localized ground and excited state properties, leveraging various computational 

methods with reasonable computational costs. This approach requires careful construction to 

accurately compute the targeted properties. There are three cluster model approaches: free 

clusters, hydrogen-saturated clusters, and embedded clusters. Selection depends on the 

system's geometry, structure, electronic characteristics, intended properties, and computational 

resources in hand. 

7.2.1. Free Cluster Model 

The simplest approach involves modeling a finite portion of the bulk solid, typically a repeated 

unit cell along crystallographic axis. This allows the use of high-level quantum chemistry 

methods on the finite cluster. However, choosing the appropriate minimum cluster size for 

specific properties is crucial, and the concept of "cluster size convergence" is essential, as 
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elaborated in the subsequent sections. This model effectively computes local properties such 

as adsorption, defect formation energies, local excitations, and X-ray spectra. [89, 325] 

Nonetheless, challenges include issues related to the different structural and chemical 

environment of outer layer atoms compared to the bulk, and the continuous growth of multipole 

moments and electrostatic interactions with cluster size increase.[325] 

7.2.2. Hydrogen-Saturated Cluster Model 

To overcome some challenges encountered in the free cluster model, the hydrogen-saturated 

cluster approach is employed. This approach involves saturating dangling bonds with hydrogen 

cations to achieve as neutral and symmetric a total system charge as possible. Although this 

approach addresses some problems like boundary effects, cumulative total charge, and multiple 

dipoles. So once again, it still requires careful construction and consideration of cluster size 

convergence.[89, 141, 325] 

7.2.3. Embedded Cluster Approach 

The embedded cluster approach, as illustrated in Figure 7.1, stands out as a highly promising 

and extensively adopted methodology, providing comprehensive access to all the electronic 

structure methods. Throughout the course of this thesis, this approach is predominantly 

employed for addressing solid-state systems.  

Central to this approach is the definition of a finite size atomic cluster, cut from supercell, 

which is addressed to explicit treatment through quantum methods and referred to as quantum 

cluster (QC). It is crucial that QC is representative and large enough to encapsulate the entire 

electronic information needed for elucidating the targeted properties. That includes the 

electronic structure, chemical bonding, and local symmetry features. However, QC is still 

missing the long-range effects. The long-range interactions are electrostatically approximated 

by embedding the QC region in point charges (PC) region.  

The PC region is treated in the framework of classical mechanics (MM), and for addressing 

the fundamental electrostatic properties of an ideal crystal, the point charges (PCs) must meet 

specific conditions. In the first place, all atoms in an ideal crystal adhere to a distinct Madelung 

constant, depending on the crystal symmetry. Consequently, a large number of PCs surrounding 

QC must be introduced to ensure that all QC atoms approach the correct Madelung constant, 

with PCs placed on crystal lattice positions to achieve the correct crystal symmetry. Secondly, 
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an ideal crystal is charge-neutral, prompting the adjustment of PC magnitudes to neutralize any 

excess charge until the total charge equals zero. Lastly, the charge distribution in an ideal crystal 

is uniform, necessitating the optimization of PC magnitudes, without violating the previous 

condition, to align with the charges of respective ions in the QC. The optimization aims to 

maintain consistent charge at identical lattice positions throughout the model, even within the 

PC field.  

Additionally, the integration of boundary region (BR) between the QC and PC regions is 

introduced, which addressed as capped-electrostatic core potentials (c-ECPs). These ECPs 

occupy the lattice positions around the QC and play pivotal role in maintaining the integrity of 

the QC and preventing the artificial charge flow between the QC and the PCs, ensuring that the 

QC does not undergo electron leakage and over-delocalization. 

In some cases, another small region between the QC and ECP in needed. For instance, in 

crystalline system with more covalent interactions leading to disruption of bonds on QC surface 

and surface/interface effects. Also, in case of highly charged QC, which could affect the 

electronic structure and properties and cause difficulties in SCF convergence of the system 

energy. So, for more realistic treatment, it would be beneficial to introduce a small layer around 

QC, which will be treated under cheap level of theory.  In most of the cases, it will be treated 

employing HF method with small basis functions, it is called Hatree-Fock (HF) region.  

The primary challenge lies in precisely defining and constructing distinct regions within 

the model. This task is crucial for a comprehensive and accurate representation of the structural 

and electronic characteristics of the system, enabling precise computation of various electronic, 

magnetic, optical, and spectroscopic properties. Tackling this challenge requires a systematic 

approach, involving carful construction of the embedded model and its various constituent 

regions. In this work, the embedded cluster modelling is strongly related and similar to 

QM/MM methodology. So, it mainly based and employing the "Ionic-Crystal-QM/MM" 

approach, as implemented in ORCA computational capabilities for modeling of solids. 

The subsequent section provides more details and procedures to construct the electrostatic 

embedded cluster model used to studying the solid-state Eu2+-doped phosphors and their host. 
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Figure 7.1. Schematic representation of embedded cluster approached, for the trimer cluster of 

RNLSO:Eu2+-doped at Na(1)+	center, as well embedding scenario applied to achieve charge 

neutrality of the clusters. The Eu2+ doped RNLSO [EuRb2Li16O36]52- QC cluster surrounded by 

a [Na12Li8Si8]52+ HF layer, giving a neutral [QC+ HF]*	cluster. The latter is surrounded by BR 

composed of three layers (314 points) of capped-ECP (ECP) all embedded in 36768 points 

charges (PC). BOTTOM: The final embedded cluster [QC+ HF+ ECPs+ PC]*. For QC and 

HF regions, atom colors are as follows; Eu (cyan), Rb (purple), Na (yellow), Si (dark gray), Li 

(pink), O (red). Gray line and spheres representing the cECPs and point charges in BR and PC 

regions, respectively.   

 

7.3. Protocol to construct an Embedded Cluster Model for 
Inorganic Solid-state Eu2+-doped Phosphors 

Through Part II, embedded cluster approach[80, 83, 84, 141, 243, 323] will be mainly used to 

model inorganic solid-state Eu2+-doped phosphors in different hosts. The main goal is the 

calculation of optical band gap and optical (absorption and emission) spectra for the undoped 
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host and Eu2+-doped structures, respectively. The study includes different types of phosphors 

including Eu2+-doped phosphors containing a single doping center, which are 

Ca[LiAl3N4]:Eu2+ abbreviated as (CLA),[326]	 Sr[LiAl3N2O2]:Eu2+ (SALON),[125] 

Sr[Mg3SiN4]Eu2+ (SMS),[327] Ba[Mg3SiN4]Eu2+ (BMS)[328] and  SrLi2[Be4O6]:Eu2+ 

(SLBO)[126] phosphors. In addition to phosphors bearing multiple candidate centers for Eu2+ 

doping, which are Sr[LiAl3N4]:Eu2+ (SLA), [329] RbNa[Li3SiO4]2:Eu2+ (RNLSO2),[330] 

RbNa3[Li3SiO4]4:Eu2+ (RNLSO),[331] CaBa[Li2Al6N8]:Eu2+ (CBLA2),[124] and 

Ca3Ba[LiAl3N4]4:Eu2+ (CBLA).[243] 

 

 

Figure 7.2. a) Top and b) side view of the crystal structure of the RNLSO2 host. The probable 

cationic doping site Rb, Na1, and Na2 are highlighted. Atom colors: Rb (dark red), Na (yellow), 

and O (red). [SiO4] and [LiO4] tetrahedra are filled in blue and green, respectively. 

 

 

The proper construction of the model and the convergence of size and charge within 

different regions will be comprehensively discussed using RNLSO phosphor as an illustrative 

example. RNLSO was selected due to its manifestation of all complexities that could arise 

during model construction. Firstly, as shown in Figure 7.2, RNLSO presents multiple centers 

for Eu2+ doping, involving two Na+ (Na(1) and Na(2) with different environments)  and Rb+  

ions. Additionally, there exists a charge difference between these replaced ions and the Eu2+ 

ion. The model construction protocol outlined in the next discussion is applied in the 

investigation and calculations of the spectroscopic properties of the host and Eu2+-doped 

phosphors. However, it is noteworthy that the first issue, pertaining to multiple doping centers, 
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becomes irrelevant in phosphors with hosts bearing a single doping center as in CLA, SALON, 

SMS, and BMS phosphors. Similarly, the second issue, concerning charge differences, is not 

applicable in phosphors with divalent dopant center metal ions (Ca2+, Sr2+, Ba2+), as in CLA, 

SALON, SMS, BMS, SLA, CBLA, and CBLA2 phosphors. 

 

1. General Remarks 
Unless otherwise stated, all crystal structures' coordinates are obtained from the 

crystallographic data,[124-126, 326-331] refined based on the experimental crystallographic 

X-ray diffraction. First an “infinitely” large supercell is built by 3D repetition of crystal lattice 

unit cell along the crystallographic axes, usually (20 × 20 × 20). In the chosen scenario and 

employing the Ionic-Crystal-QM/MM method, the supercell is sliced into four main regions as 

follows. Figure 7.1 give a typical illustration of the different regions (QC, HF, ECP, and PC), 

where the central metal ion (and Eu after doping) is in the center of QC and consequently in 

the center of the entire model. 

Due to the close resemblance in the ionic radii of (M = Ca2+, Sr2+, Ba2+, Na+, or Rb+) with 

Eu2+ ion, as illustrated in Table 7.1 and further details  in Table 10.1 and Table 11.1, and their 

favorable local environments resulting in [EuL8] cuboids (with L being either N, O, or O/N). 

Eu2+ ion can only substitute those ions to form the doped QCs. Notably, Rb+ and Ca2+ ions 

exhibit an observed difference of +0.36 and -0.19 Å, respectively. As will be discussed further 

in Section 11.7, the larger host cuboid for Rb+ can accommodate the Eu2+ without issues, and 

later analysis reveals that, in certain cases, doping at Rb+ is more favorable than at Na+ in for 

example in RNLSO2. Conversely, smaller ions like Ca2+, leading to compressed cuboids for 

Eu accommodation, present challenges, making doping less probable compared to, for 

example, the Ba2+ site in CBLA2.[243] 

Furthermore, no other cations substitution (e.g., M′ = Li+, Mg2+, Al3+, or Si4+) due to very 

small ionic radii results in highly compressed M′L4 tetrahedron or M′L6 octahedron with 

volume of this polyhedral ≤ 20	Åj (in contrast to the 28 - 40 Åj range for the ML8 cuboids). 

DLPNO-CCSD(T) calculations reveal that such Eu-polyhedra formations lead to structurally 

unstable configurations compared to the Eu2+-doped cuboids (EuL8), requiring significant 

structural relaxation. Similarly, no occupation of interstitial sites on the unsaturated channels 

is not possible due to sterical reasons.[18, 80, 243]  
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The low doping limit is considered so that formation of Eu2+-doped phosphors involves 

the substitution of only one (Ca2+, Sr2+, Ba2+, Na+, or Rb+) cation per undoped QC with Eu2+ 

ion, followed by adopting of the charges and multiplicity, with no multiple doping in the same 

QC. Consequently, no (Eu2+-Eu2+) interaction is expected. In addition, owing to the strong 

rigidity of the considered solid-state crystal structures, no further structure relaxation due to 

Eu2+ doping needs to be taken into account.[80, 243] 

The formal charges of ions will be initially used to equip the ECP and PC regions and then 

they are iterative optimized in the framework of the Ionic-Crystal-QMMM embedded cluster 

protocol in ORCA.[115] The chosen convergence criteria ensure an overall neutral cluster 

according to the neutrality condition (q(QC + HF) = − q(BR + PC))[141] as well as a uniform 

charge distribution in all (QC, HF, BR, and PC) regions. In the cases (RNLSO and RNLSO2), 

when Eu2+ is replacing ion with different charge, the charge deficiency within the (QC + HF) 

will be distrusted over all the charges of (BR + PC) regions. 

 

Table 7.1. Cationic sites (Mn+) in the studied hosts, along with their ionic radius (𝒓, in Å), and 

the difference in ionic radii *𝚫𝒓	, 𝐢𝐧	Å, between ion Mn+ and Eu2+.	 All	 ionic	 radii	 are	

presented	for	ions	in	8-fold cuboid coordination and the ionic radius of Eu2+	=1.25 Å in this 

coordination.[332]  

Cationic Site (Mn+) 𝑟 (Å)  Δ𝑟 (Å) 
Sr2+ 1.26 +0.01 
Ba2+ 1.35 +0.10 
Ca2+ 1.06 -0.19 
Na+ 1.18 -0.07 
Rb+ 1.61 +0.36 

   
Li+ 0.90 -0.35 

Mg2+ 0.86 -0.39 
Al3+ 0.68 -0.57 
Si4+ 0.54 -0.71 

 

2. Quantum Cluster (QC) Region 
As mentioned above, the system is described by a finite QC which is treated explicitly by 

quantum chemistry methods. Definition of the complete QC in terms of size, shape, and 

composition is crucial. Two primary approaches are commonly utilized for defining such QCs: 

the unit cell approach and the ligand field approach. 
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The unit cell approach closely aligns with strategies commonly employed in periodic 

calculations. This method originates from the representation of crystals in unit cells and entails 

the progressive construction of the model by using building blocks to approximate a complete 

supercell. An advantage of this approach is that the overall model is either charge-neutral or 

nearly neutral. However, a drawback of the supercell approach is its potential to disrupt local 

symmetries and essential chemical bonding. 

In contrast, the ligand field approach gives the priority for preserving the coordination 

environment around a specific center and growing the model around it. This becomes 

advantageous when properties under consideration are localized around a center of interest, 

and the local symmetry holds significance. One evident application of this approach is in the 

study of impurity ions and color centers in crystals, where various spectroscopic properties are 

explored in relation to the influence of the environment and local symmetry. While the ligand 

field approach provides valuable chemical insights into the crystal, a notable drawback is the 

tendency for these clusters to carry a high charge. This challenge can be overcome by 

employing properly constructed BR (ECP+HF layers). Nevertheless, a carful modeling of both 

the supercell and ligand field approaches has been shown to yield consistent results for most 

properties, as discussed in the references [83, 84, 115]. Based on that the ligand field approach 

will be used through this work. 

Recognizing the necessity for a thorough depiction of electronic structure, charge 

distribution, chemical bonding, and interactions within the QC, it becomes evident that a larger 

QC generally leads to a more comprehensive representation of the system. Nevertheless, this 

comes at a higher computational cost and the QC selection requires a balance between accuracy 

and feasibility. Furthermore, acknowledging the complexity of chemical structures in certain 

systems, chemical intuition is also very helpful when building the QCs. In such cases, the 

synergy of computational rigor and chemical insight ensures a nuanced and well-informed 

determination of the ideal quantum cluster for the study. To identify the optimal QC, minimal 

QC size effectively representing the system, a systematic approach entails preparing QCs of 

increasing sizes and monitoring the considered property convergence with the cluster size.[115] 

For instance for undoped host RNLSO, quantum clusters (QCs) were constructed by 

preserving the 8-fold cubic coordination environment around the central alkaline metal ions 

(Rb+, Na(1)+ , and Na(2)+ ). Structure expansions containing one, two, three, four, or five central 

cations per cluster of the host were considered, abbreviated as monomers, dimers, trimers, 

tetramers, and pentamers clusters. The respective quantum clusters of the host structures are 
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visualized in Figure 7.3 and given in details in Table 7.2. Eu2+-doped structure will be prepared 

as mentioned above by replacing the target central metal ion with Eu2+ ion. 

 

 

Figure 7.3. All cluster models (QCs) for RNLSO (Rb+, Na(1)+, Na(2)+ channels) are given. 

Different sized models named with respect to number (n) of the central metal ion (Rb+, Na+) in 

the cluster as (Monomer, Dimer, Trimer, Tetramer, Pentamer for n=1, 2, 3, 4, 5, respectively). 

The Eu2+ doping site is indicated with dotted black circle around the ion that will be replaced 

by Eu2+. Atom colors: Rb (purple), Na (yellow), Si (dark gray), Li (pink), and O (red). 
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Table 7.2. Description of the employed RNLSO2 undoped and Eu2+-doped clusters at Na(1)+  

center within the embedded cluster approach in terms of the QCs size,  the (undoped and Eu2+-

doped) QCs composition, HF layers, the number of atoms in the ECP region, the number of 

points in the PC region. An Eu-doped cluster is constructed by replacing central Na(1)+ site 

with Eu2+ ion. 

Cluster 
Size Undoped / Eu2+-doped QCs HF n(cECP) n(PC) 

1 [NaLi8O20]31-/[EuLi8O20]30- [Rb2Na6Li8Si4]32 232 36886 

2 [NaRbLi12O28]42-/[EuRbLi12O28]41- [RbNaLi8Si8]42 254 36864 

3 [NaRb2Li16O36]53-/[EuRb2Li16O36]52- [Na12Li8Si8]52 314 36768 

4 [Na2Rb2Li20O44]64-/[EuNaRb2Li20O44]63- [RbNa3Li12Si12]64 342 36740 

5 [Na3Rb2Li24O52]75-/[EuNa2Rb2Li24O52]74- [Rb2Na10Li16Si12]76 396 36650 

 

3. Hatree-Fock (HF) Region 
Towards a more accurate description and electronic stability of QC, it would be beneficial to 

introduce a small region around QC, called Hatree-Fock (HF) region, within the multiscale 

approaches.[333] This region provides a more realistic electronic environment to QC by 

annealing the dangling bonds, effectively reducing surface/interface and polarization effects. 

These issues have been shown to impact optical properties[334, 335] and demand careful 

treatment and elimination to ensure accurate representation of optical characteristics. In 

addition, the QC could be highly charged, that is severely affects the electronic structure and 

consequently computed properties, moreover, that could cause difficulties in SCF convergence 

of the system energy and wavefunction. So, a carefully selected region around QC, with charge 

compensating the QC’s charge, will be advantageous.   

Although the HF region entails additional computational costs, its role, as discussed 

earlier, does not imply a very complex and accurate treatment. To address this, it will be treated 

at a more cost-effective level of theory, equipped with a minimal LANL2DZ basis set with the 

respective HayWadt ECPs.[336-339] The HF layer will be treated at the HF level when 

employing WF-based methods for the QC. However, it will be treated at the same level when 
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density DFT methods are employed. (ORCA Manual) Examples of HF layer used in the 

treatment of RNLSO (for Na(1)+  doping center) are given in Table 7.2. 

 

4. Boundary or Effective Capped Potential (ECP) Region 
Electrons of atoms, especially on the surface, in the QC (= QC+HF) are strongly attracted by 

the positive point charges in the surrounding PC field. For instance, the valence electrons in 

the O&+/Nj+ − 2p  shells can be strongly polarized and will eventually try to occupy their next 

empty 1s orbitals. Whether that is possible, sensitively depends on the basis set employed for 

the QC. The better the basis set is, the larger is this effect, since more extended basis sets 

facilitate the flow and delocalization of the QC electrons towards the positive point charges. 

This effect leads to poor description of electronic structure of QC and consequently large errors 

in the calculated properties. However, it can be easily avoided by equipping the point charges 

in a “boundary region” around the quantum cluster by repulsive capped-effective core 

potentials (c-ECPs) which prevent the electrons from flowing into the point charge field. In 

this work, c-ECPs as included in the SDD framework are employed.[340-343] Table 7.3 give 

of the ECPs utilized for various elements. 

Table 7.3. The employed types of c-ECPs of class SDD for different elements. 

Element ECP References 
Li, Be ECP2SDF [340] 

Na, Mg ECP10SDF [340] 
Al, Si, Ca ECP10MBW [341, 342] 

Sr, Rb ECP28MDF [343] 
Ba ECP46MBW [341] [341] 

O, N ECP2MWB [342] 

 

The width of the boundary zone will depend on the form, size, charge of the QC and also on 

the basis set used for QC (and HF). In ORCA, as implemented in “ORCA IONIC CRYSTAL 

QM/MM” module, the connectivity of atoms within the supercell is examined, enabling the 

identification of atom layers surrounding the QC. The initial layer comprises atoms directly 

bonded to the QC atoms, while subsequent layers consist of atoms bonded to the preceding 

layer, and so on. To determine the minimal needed width of BR, another size convergence is 

needed. Generally, in Eu2+-doped phosphors and similar system, we have found that 2-3 layers 

of ECPs is optimal as shown in, Figure 7.4. The charges of c-ECPs are determined through the 
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charge convergence scheme within the QM/MM module, as shown in Figure 7.5 and discussed 

in the next section. 

 

Figure 7.4. Size convergence of the ECP region (number of ECP layer within the ORCA- 

CRYSTAL-QM/MM module, against the lowest excited state. The calculations were 

performed on the trimer cluster of RNLSO:Eu2+-doped at Na(1)+	center, [EuRb2Li16O36]52- QC 

and  [Na12Li8Si8]52+ HF layer, employing TD-DFT/PBE0 with def2-TZVP basis. All elements 

in ECP and PC were capped with the formal charges. 

 

5. Point Charge (PC) Region 
As discussed previously, the QC is embedded in an extended PC field to reproduce the long-

range electrostatic and polarization effect. Similar to the ECPs, the point charges (PC) positions 

are taken to coincide with the crystal supercell lattice points. Again, the optimal size of the PC 

region needs some tests. Obviously, the larger the QC is, the larger PC is needed. Through our 

investigations in this work, PC region comprising 20,000-50,000 point charges effectively 

captures the long-range electrostatic effect. 

The final charges of both (ECPs and PCs) are determined through the charge convergence 

scheme within the QM/MM module. Initially, the formal changes of respective ions are utilized 

for both ECPs and PCs. Formal charges are particularly a good choice for ionic crystals where 

electrons are strongly localized within the ions. However, the true effective charges in covalent 

crystals are not easy to be determined due to lack of reliable experiments to determine the 

effective charges as consequence of the fact that charge is not an observable. Several techniques 
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have been proposed to estimate the charges of ECPs/PCs with clear discrepancies and 

inconsistency due to the sensitivity of different charge scheme. For instance, some methods 

define charges based on the	orbitals (e.g., Mulliken[344-347] and Loewdin[348, 349]schemes), 

the density (e.g., Hirshfeld[350]), or the electrostatic potential (e.g., CHELPG[351-353]). In 

the considered Eu2+-doped phosphors, CHELPG scheme exhibits the highest stability and the 

best performance.[115] Finally, the effective charges of ECPs and PCs are determined through 

iteratively SCF charge convergence processes within the “IONIC CRYSTAL QM/MM” 

module in ORCA.[354, 355] This is executed while maintaining a homogenous charge 

distribution within the system and neutralization of the total model charge, expressed as 

𝑞(𝑄𝐶 + 𝐻𝐹) = −𝑞(𝐸𝐶𝑃 + 𝑃𝐶).  

Figure 7.5 illustrates an instance of change convergence utilizing the CHELPG scheme in 

a selected case of Eu2+-doped trimer QC. The figure demonstrates the smooth convergence of 

all charges within the ECP and PC regions after a few steps. While the majority of elements 

displayed only minor deviations from their formal charges, Si4+ and Rb+ ions exhibited 

significant changes, account to (-1.4, and -0.4), respectively. This highlights the potential 

pitfalls associated with relying solely on formal charges in such system and similar systems. 

One of the limitations in the current embedding model described so far is, the ions in the 

point charge field are fixed in space with well-defined charges but they are not polarizable. So, 

the embedding point charge field cannot respond to electric changes in the QC, caused for 

instance by local excitations. To address this limitation, the integration of the embedded cluster 

protocol with polarizable embedding schemes and fast multipole methods is currently 

undergoing in our laboratory. 
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Figure 7.5. Charge convergence of the different elements in the ECP and PC region utilizing 

the ORCA- CRYSTAL-QM/MM module and CHELPG scheme for charge calculation. The 

calculations were performed, employing TD-DFT/PBE0 with def2-TZVP basis, on the trimer 

cluster of RNLSO:Eu2+-doped at Na(1)+	 center, [EuRb2Li16O36]52- QC, [Na12Li8Si8]52+ HF 

layer, 3 ECP layers [Na12Rb2Li116Si40O114] and 36768 point charges. Charges of all elements in 

ECP and PC were initiated with the formal charges (Eu2+, Li+, Na+, Rb+, Si4+, O2-). Charge 

convergence threshold is (Δ𝑞 ≤ 0.01) with keeping the total system charge 𝑞[QC+ HF+

ECP+ PC] = 0.
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PART II  

Understanding the Electronic Structure and 

Photoluminescence in Solids : 

Eu2+-doped Phosphors as an Example
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8 Introduction to PART II 

Undoubtedly, the world is currently facing an escalating global power crisis due to the 

combination of increasing energy demands and limitations posed by conventional power 

sources. Moreover, urgent imperatives to curb carbon emissions and promote sustainability are 

adding to the challenge. So, there is a pressing necessity to develop efficient and cost-effective 

methods for power consumption and to embrace renewable energy sources.[356, 357] Among 

the potential solutions, phosphor-converged light-emitting diodes (pc-LEDs) emerge as a 

promising option. These advanced light sources utilize multiple phosphor layers to achieve 

higher light emission efficiency. Through the process of photon down-conversion, high-energy 

photons are converted into multiple low-energy ones resulting in reduced energy waste 

accompanied with improved luminous efficiency.[120, 357] Furthermore, pc-LEDs 

demonstrate exceptional durability and extended lifespans compared to traditional lighting 

technologies, thereby contributing to decreased material consumption and energy demand. 

Their eco-friendly attributes and efficiency position them as a compelling alternative to 

conventional lighting, playing a significant role in energy conservation and facilitating the 

transition to a sustainable and electrified future.[15, 18-20, 32, 120, 329, 331, 357-363] 

Of particular interest among the different luminescent phosphor materials are the 

lanthanides activated solid-state phosphor materials. These materials possess unique and 

tunable emission properties that are in high demand across a broad spectrum of applications. 

Moreover, they serve as fundamental building blocks for various solid-state devices, including 

energy-efficient phosphor-converged white LEDs (pc-WLEDs), solid-state lasers, liquid 

crystal displays, solar cells, and near-infrared detection technologies.[17-20, 30-52] 

For pc-WLEDs applications, Eu2+ stands out among the various activators due to its 

remarkable intensively emissive and host-tunable 4f �5d' → 4f � electronic transition. In 

particular, the Eu2+-activated nitride, oxynitride, and oxide UCr4C4 host-based phosphors 

exhibit exceptional luminescence properties. These phosphors exhibit host-tunable narrow-
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band emissions in terms of spectral emission color and bandwidth, offering a wide range of 

colors spanning from near infrared (NIR) to blue lights. Additionally, they demonstrate high 

thermal stability and remarkable luminescence efficiency.[20, 30, 125, 126, 327-329, 360, 364-

382]  

The progress in the field of UCr4C4 narrow-band emission phosphors has been remarkably 

improved since PHILIPS filed the patent (US 9,546,319) in 2013.[383] Subsequently in 2014, 

Schnick's group have make breakthroughs with the development of the Sr[LiAl3N4]:Eu2+ 

(SLA)[329] nitride red phosphor. That has paved the way for research on nitride narrow-band 

emission phosphors as next-generation for pc-LEDs.[18, 20] This also led to the subsequent 

development of other notable red-emitting phosphors like Sr[Mg3SiN4]:Eu2+ (SMS)[327], 

Ca[LiAl3N4]:Eu2+ (CLA)[326], Sr[Mg2Al2N4]:Eu2+ (SMA),[384] and CaBa[Li2Al6N8]:Eu2+ 

(CBLA)[124]. In addition, Huppertz's group successfully synthesized oxynitride phosphors, 

such as Sr[Al2Li2O2N2]:Eu2+ (SALON)[125], which opened up possibilities for blue-shifted 

emission through the reduction of the crystal field effect and further color tuning. In 2018, 

OSRAM Opto Semiconductors, based on a patent (WO 2018/029299), presented a series of 

alkali lithosilicate oxide phosphors for green and cyan phosphors.[385] These phosphors with 

narrow-band emission offer a wide range of color tunability, albeit at the expense of increased 

structural complexity. Moreover, Xia's group also made significant contributions to the 

development of alkali lithosilicate phosphors and their potential applications.[38, 331, 359-

362, 386] Despite the advantages and unique properties of Eu2+-doped phosphors for pc-

WLEDs, there are remaining challenges in understanding and controlling the tuning 

mechanisms for these materials. 

The importance of Eu2+-based pc-LEDs as next-generation lighting sources for illumination 

purposes has motivated research to improve the quality of white light. As a result, there is a 

drive to develop novel, highly efficient, cost-effective, and environmentally friendly phosphor 

materials with specific emission characteristics.[15, 16, 18-20, 38, 357, 386]  However, 

successful design of innovative materials featuring pc-LED phosphors requires a high degree 

of tunability of the emission band color, width, Stokes shift, and thermal stability.[16, 18, 20, 

126, 377-379, 387-389] This necessitates exploring various strategies, including host lattice 

selection, crystal structure engineering, dopant concentration, co-doping, and excitation source 

control.[20, 30, 126, 326-329, 360, 365-371, 390, 391] Nevertheless, most of these strategies 

have relied on chemical intuition and trial-and-error methods, which can be time-intensive and 

not necessarily successful. Therefore, there is a pressing need for reliable chemical and 
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structural engineering strategies for designing innovative Eu2+-doped inorganic solid-states 

phosphors tailored for desired applications. These strategies are driven and guided by a 

comprehensive understanding of the electronic structure, luminescence mechanism within the 

activator (Eu2+) ion and the influence of both chemical and structural properties on both static 

and dynamic limits.[80, 243] 

 Theory investigation plays a crucial role in unraveling the theory-structure-property 

relationships that can guide the search and design of new materials. Additionally, data-driven 

computation through artificial intelligence (AI) can accelerate the search for the next 

generation of phosphors for emerging applications.[15, 76] 

Although significant advancements have been made in the understanding of luminescence, 

Eu2+-based luminescent materials remain challenging to study due to the intricate electron 

configurations and complexity of their excited states. The complexities inherent in such Eu2+-

doped materials, are multi-faceted, involving:[74, 80, 243] 

1. Complexities related to the host and Eu doping environments 

o Crystal field (CF) effect and the symmetry variations within the Eu2+ doping 

environment, across different hosts, results in diverse CF strengths, splittings and 

orbital stabilizations in both the valence d and f orbital manifolds. 
o Eu-Ligand covalency, especially in the 5d orbitals, exhibits high sensitivity to the 

local ligand structure concerning symmetry, Eu-Ligand bond distances, and the type 

of ligands. 
o In some hosts, there are multiple candidates for Eu doping, emphasizing the crucial 

need for a precise estimation of relative doping probabilities among different doping 

sites to fully comprehend luminescence characteristics. 
o In addition, the existence of multiple candidates for Eu doping can lead to overlapping 

emission bands if they emit at close energies and have relative doping probabilities. 
o There is a possibility for the Eu ion to occupy interstitial spaces within the host lattice. 
o In some hosts, Eu2+ may replace metal ions with lower or higher ionic charges, 

resulting in charge deficiency or excessiveness within the host lattice, for instance 

(Li+, Na+ ,K+ , or Cs+) ions in alkali lithosilicate hosts.[385] 
o At high doping concentrations, there is a higher possibility of multiple Eu ions doping 

closer sites. This proximity enables them to influence and undergo energy exchange 

with each other, influencing luminescence efficiency. 
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o The host optical band gap energy especially if it is relatively small or comparable to 

the emission energy, results in reduction of luminescence efficiency through non-

radiative emission processes. This effect becomes more pronounced with increasing 

temperature, leading to a reduction in the thermal stability of Eu-doped phosphors. 
2. Complexities of properly describing the electronic structure properties of the ground 

and emissive excited state manifolds 

o The dense and complex excited states manifold arises from both (4f � ⟶ 4f �)	 and 

(4f � ⟶ 4f �5d)	excitations. 
o Significant electron correlation effects (electrons in highly compacted 4f-orbital are 

severely correlated). 
o Interconfigurational 4f � ⟶ 4f �5d	transition, breaks the favorable half-filled high-

spin (4f �) electron configuration resulting in radial correlation between 4f, 5d and 5f 

manifolds.[392] 
o Strong spin-orbit coupling (SOC) effects in high-spin open-shell ground and excited 

states. 
 

3. Complexities of properly describing the dynamic properties of the excited emissive 

state manifold  

o The vibronic and phonon couplings within the local Eu2+ doped and lattice 

environments, respectively and their impacts on the electronic energy of ground and 

the excited states. 
o The vibronic effect on SOC (spin-vibronic coupling), transitions strength (Herzberg-

Teller coupling). 
o Possibility of symmetry lowering by (pseudo-)Jahn-Teller (PJT) effects which lead to 

(quasi-)degeneracy breaking of the emissive excited states, and consequently strong 

vibronic coupling, 
o The interplay between different couplings and ligand field effects and the strength of 

the Eu-Ligand covalency especially in the 5d-based emissive excited states. 
o Finally, the non-radiative relaxation processes. 

all these factors influence both the ground and excited states electronic and magnetic structures 

and finally dictate the relaxation and the photoluminescence characteristics. That leads to 

different, and sometimes contradictory, analyses explanations of the experimental spectra and 

results.[74]  
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Theoretical calculations, including density functional theory (DFT) and wavefunction 

theory (WFT) methods, in conjugation with excited states dynamics (ESD) computational 

protocols, offer accurate results and a promising avenue for further and exploration and 

descriptions through. Moreover, the recent improvement in modern high-level electronic 

theory methods accompanied with significant growth in computational power can now be 

utilized to provide an accurate description of the electronic structure and transitions within 

these materials. This computational progress allows for precise reproduction of experimental 

values and spectra while providing valuable insights into the origin and characteristics of 

various phenomena, including band emissions, Stokes shifts, non-radiative relaxation, and 

energy transfer rates.[80, 82, 242, 243, 273, 274] 

As a result, the scientific and technological significance of these materials has prompted 

intense research efforts, making it essential to develop computational tools, protocols, and 

electronic-structural descriptors. These offer promising solutions to understand and predict the 

luminescence behavior of Eu-doped phosphors more effectively, which can facilitate the 

discovery and design of tailor-made luminescent materials to meet the evolving demands of 

modern society.[80, 243] 

8.1. Objectives and Overview of the forthcoming chapters 

The main objective of this part is to systematically develop a computational protocol that 

enables a comprehensive exploration and understanding of the electronic structure, states, and 

the optical transitions in Eu2+-doped phosphors. This includes investigating the vibronic 

coupling effects and their impact on the luminescent characteristics of the considered systems. 

Furthermore, the objective is extended to identify the principal structural, chemical, and 

electronic descriptors govern the emission spectral features and broadening mechanism. 

Finally, the study also gives perspectives about the promising future tuning methods towards 

phosphors with desired luminescence properties for solid-state applications.  To achieve that 

through the study the most cutting-edge techniques, discussed through Chapters 5-7, were 

systematically and progressively utilized. The investigations employ the high-level electronic 

structure methods, spectroscopic analysis, and excited-state dynamics. Particularly, NTO 

analysis based on DFT/TD-DFT, DLPNO-CCSD-based local energy decomposition (LED) 

analysis, CASSCF/NEVPT2 excitation energies, SOC analysis, and vibronic/spin-vibronic 

coupling analysis through excited state dynamics (ESD) methods have emerged as 

indispensable tools in the study and prediction of luminescence properties. 
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In Chapter 9, the electronic structure of Eu2+ ion is introduced and explored, both in its free 

form and within a highly symmetric model structure resembling Eu2+-doped phosphors. The 

analysis reveals the intricate nature of electronic structure properties, emphasizing the 

sensitivity of 4f5d-based excited states to local ligand structures and the ligand field effect.[74] 

Furthermore, it highlights the electronic-structural instability in highly symmetric structures, 

results in symmetry breaking through (P)JTE. The significance of the local environment over 

SOC is also emphasized, showcasing how the interplay of all various couplings shapes the 

electronic and magnetic structures, influencing relaxation and photoluminescence 

characteristics. This sets the stage for a systematic exploration of luminescence in Eu2+-doped 

phosphors in the upcoming chapters. 

In Chapter 10, a computational protocol is developed on a set of representative examples 

of UCr4C4-based nitride, oxo-nitride, and oxide Eu2+-doped phosphors, all featuring a single 

Eu doping center. The protocol is based on TD-DFT method and operates in conjunction with 

ESD approach to consider vibronic coupling on both FC and HT limits. The protocol exhibits 

high predictive accuracy for the optical properties and the experimental absorption and 

emission spectral features of Eu2+-doped phosphors. Electronic descriptors are identified, 

revealing a robust correlation with the energy position and bandwidth of experimental emission 

bands, which can be directly utilized without the need for elaborate calculations. These 

descriptors can be leveraged for a systematic design of novel phosphor materials with tailored 

photoluminescence properties.[80] 

Subsequently, in Chapter 11, the efficacy and generality of the previously proposed 

protocol and descriptors are affirmed through expanding the investigated chemical systems, 

encompassing a new set of UCr4C4-based phosphors bearing multiple candidate centers for 

Eu2+ doping. The DLPNO-CCSD method is employed to predict relative doping probabilities 

among different centers. The doping sites are further examined through LED analysis 

decomposing the DLPNO-CCSD doping energies into distinct chemical interactions (e.g., 

ionic and covalent). Finally, this validation demonstrates the versatility and generality of the 

developed protocol and the defined descriptors to accurately predict luminescence 

characteristics for Eu2+-doped phosphors of any arbitrary complexity.[243] 

The results of Chapters (10,11) highlight the crucial role of the Eu(5d)-Ligand(2p) 

covalency of the 4f5d-based emissive states on the broadening of the emission spectra. 

Furthermore, the study elucidates the implications arising from MLCT transitions intersecting 
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with the localized 4f65d1→ 4f7 main relaxations on the broadening and thermal stability of 

emission in such phosphors.[80, 243] 

These insights and the defined descriptors provide valuable guidelines for the design and 

development of highly efficient phosphors with tailored properties. Building on this foundation 

and intertwining experimental observations and theoretical investigation, Chapter 12 presents 

a detailed example of the in silico designed Eu2+-doped phosphor Ca3Ba[LiAl3N4]4:Eu2+ 

(CBLA) with unprecedented narrow-band red emission.[243] 

Finally in Chapter 13, we delve into the emission process and its dependence on spin-orbit 

(SOC) and spin-vibronic (SVC) couplings, revealing the broadening mechanism in Eu2+-doped 

narrow-band emitting phosphors. This investigation focuses on the correlation between crystal 

structure variations and luminescence, utilizing experimental luminescence spectra at both 

room and cryogenic temperatures for enhanced resolution. Employing a computational strategy 

that integrates multiconfigurational WF-based methods like SA-CASSCF/NEVPT2 

considering SOC, we analyze electronic structure, transitions, and magnetic properties. The 

study concentrates on a set of Eu2+-doped phosphor systems to establish principles governing 

relaxation and broadening mechanisms. The results underscore the significance of magnetic 

structure and dynamics of both ground and excited states, as well as vibronic transitions, in 

accurately predicting relaxation times and understanding the fine-tuning of emission spectra. 

In summary, by addressing these challenges, our research aims to contribute valuable 

insights to the field of lanthanides-activated materials, specifically focusing on Eu2+-doped 

phosphors, and advance the understanding of their luminescent behavior. The insights gained 

in this study, aim to contribute to the engineering of innovative Eu2+-doped materials with fine-

tunable luminescence properties for applications in lighting, displays, and sensing. 
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9 Electronic Structure of Free Eu2+ Ion and Doped in 
Perfect Cubic Ligand Field 

Europium (Eu) is a lanthanide element with unique electronic properties, and its divalent state, 

Eu2+, draws special attention owing to its intriguing luminescence properties observed in many 

Eu2+-doped materials. It is important at the beginning to have a clear picture of the electronic, 

magnetic, and spectroscopic properties of Eu2+ ion, and examine the impacts of introduction of 

the ligand coordination environment. Hence, this chapter focuses on exploring the impact of 

an “ideal” cubic ligand coordination field to the Eu2+ ion. This establishes a reference point for 

real-world cases studied in the subsequent chapters. In addition, the chapter will shed light on 

some of the complexities associated with the study of these materials, as introduced in the 

previous chapter. 

9.1. Free Eu2+ Ion  

The divalent Europium ion (Eu2+) possesses [Xe]4f7, or 4f7 for short, electronic configuration. 

The half-filled 4f shell is spatially compacted and well-shielded from the environment by the 

closed 5s2 and 5p6 outer shells.[393] The seven electrons in f shell are significantly correlated, 

[74] and can be arranged in many different ways given by the binomial coefficient *'�� , leading 

to 3432 degenerate atomic microstates (including 8 octet (𝑆 = 7/2), 288 sextet (𝑆 = 5/2), 1568 

quartet (𝑆 = 3/2) and 1568 doublet (𝑆 = 1/2) microstates), where 𝑆 represents the total spin 

quantum number. This degeneracy is partly or totally lifted due to several perturbations 

including interelectronic repulsion, spin-orbit coupling, and Zeeman effect, in addition to the 

ligand field effect of surrounding, upon the ion doping.  

The introduction of the interelectronic repulsion results in the 4f7 configuration 

characterized by 119 𝐿	&lr'  terms, where 𝐿 is the total orbital angular momentum quantum 

numbers.[394] Free Eu2+ ion in the ground state, the 4f7 electronic configuration gives rise to 

the stable ground S		«  term. Additionally, Eu2+ ion exhibits a very dense excited states manifold 
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due to several possible excitation transitions. Within the 1-electron picture, firstly the parity-

forbidden intraconfigurational spin-flip 4f7→4f7 transitions. The other excitation pathway is to 

excite electron to the empty 5d orbitals via spin-conserving interconfigurational 4f7→4f65d1 

single electron excitations. The latter is of great importance where its decay process 

4f65d1→4f7 will energetically be the lowest pathway and dominate the luminescence in Eu2+-

doped materials. That is a clear consequence of a higher impact of ligand field effects on the 

5d orbitals compared to the 4f orbitals, as elaborated in subsequent sections. 

Furthermore, the energy levels in Eu2+ are strongly influenced by spin-orbit coupling (SOC). 

All that sums up results in a very complex electronic and magnetic structure of Eu2+-doped 

materials. Multiconfigurational wavefunction methods have proved to be very adequate and 

powerful to study such systems.[74] So, for precise description of the electronic structure of 

the free Eu2+ ion, a CASSCF calculations in conjugation with NEVPT2 are employed. 

9.1.1. Calculations details 

The electronic structure (ground and excited states manifolds) of the Eu2+ ion was computed 

using the state-average complete active space self-consistent field (SA-CASSCF) [169, 184] 

method, in combination with second-order N-electron valence state perturbation theory 

(NEVPT2).[193, 395] The quasi-restricted (QRO)[396] based on DFT/PBE0[227, 234, 235] 

Kohn Sham (KS) orbitals used as initial orbitals. The complete active space CAS(7,19) is 

selected, encompassing the complete Eu 4f, 5d and 5f shells. The SA-CASSCF CI was 

optimized by averaging over 36 octet and 35 sextet states, employing the ICE-CI solver.[188, 

189] The energetics and properties of spin states were computed by introduction of spin-orbit 

coupling (SOC) in the framework of quasidegenerate perturbation theory (QDPT). [140, 149] 

Furthermore, zero-field splitting (ZFS) parameters (𝐷, 𝐸/𝐷) for the states were computed 

employing the spin Hamiltonian formulation, as depicted in Section 4.4.7. 

For accurate computations, the segmented all-electron relativistically re-contracted (SARC) 

scheme[397-400] was employed, utilizing the (SARC-DKH-TZVPP) basis set for Eu element. 

To account for scalar relativistic effects, second-order Douglas-Kroll-Hess relativistic 

corrections (DKH2)[401, 402]  were consistently applied throughout the calculations, 

employing the finite nucleus model.[403] 

 

  



9 Electronic Structure of Free Eu2+ Ion and Doped in Perfect Cubic Ligand Field 

 116 

Active space selection 

It is well-known that the crucial step of a CASSCF calculation is the selection of the appropriate 

and representative active space, which is not always straightforward and requires an 

understanding of the system and properties being investigated. The emission in Eu2+-doped 

materials, where we are focusing on, is mainly characterized by interconfigurational (4f � →

4f �5d') excitation/relaxation transitions, so an active space CAS(7,12) looks by-de-facto 

resealable for this problem. Other orbitals could be included, e.g., Eu 6s and 6p or/and Ligand 

(L) 2p orbitals in doped structures, where the latter give rise to MLCT or LMCT. However, 

those transitions appear in general in the higher edge of the absorption spectra, which out of 

scope of this study focusing of the Eu2+-doped materials emission. So, for the sake of 

computational effort, those orbitals and corresponding transition will be ignored. 

However, as shown in Figure 9.1, 4f shell is significantly spatially compact, and 

interconfigurational transition to a more diffuse (5d) orbital occurs with a break of many f-f 

pairs.[392] All result in large radial dynamical correlation effects which can be solved by the 

inclusion of 5f shell, which has a strong overlap with 5d orbitals. The presence of a more diffuse 

f shell will give additional flexibility to the 4f electrons and correctly recover this correlation 

effects giving accurate NEVPT2 corrections, this is well-known as double shell effect.[392, 

404] So, the CASSCF active space is extended, CAS(7,19),  including 7 electrons in (4f, 5d, 

and 5f) shells’ orbitals.  

 

Figure 9.1. Calculated radial wavefunction (4𝜋𝑟&|𝑅(𝑟)|&) as a function of atomic distance (in 

Å) for 4f, 5d, 5f, 6s, and 6p shells in Eu2+. 
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9.1.2. Electronic structure of Eu2+ ion 

Figure 9.2 shows the computed non-relativistic lowest 36 octet and 35 sextet states and 

corresponding relativistic energy levels employing SA-CASSCF(7,19) calculations, with 

inclusion of the dynamical correlation perturbatively computed by NEVPT2 method. Then, the 

results are compared with experimental energy levels adapted from NIST database and Ref 

[405]. First, Eu2+ suffers a significant dynamical correlation, for instance, 16365, and 6045 cm-

1 NEVPT2 corrections for the lowest octet and sextet non-relativistic states, respectively. That 

leads to accurate computation of relativistic energy levels at CASSCF/NEVPT2/SOC level 

compared to experimentally detected energy levels [405] with MAE of 2360 cm-1 (0.29 eV).  

SA-CASSCF/NEVPT2 results show that free Eu2+ has a * 𝑆�/&	
« , ground term, with the 

excited multiplet due to the spin-flip (2S+ 1 = 6) parity-forbidden f-f transition with lowest 

sextet term is P		�  (at 30368 cm-1,  3.8 eV) and higher terms are also detected (I,P,D, F,P, S)		
� . 

As well, spin-conserving (2S+ 1 = 8) single electron interconfigurational excitation 4f � ⟶

4f �5d'	with the electronic configuration (4f65d1) giving rise { F	� ⨂ D	& }	
&¬r'_«  multiplets 

excited states with the lowest octet term H		
« (33682 cm-1, 4.2 eV) followed by 

(D,P, F,G)		
« higher terms. 

Inclusion of SOC, ground term is weakly split to 4 Kramer’s doublets (KDs), with 𝑀< =

±7/2, ±5/2, ±3/2, ±1/2. The weak splitting of ground state, almost degenerate, with 

ZFS	𝐷 = 0.0045 cm-1 and 𝐸/𝐷 = 0.0001, is due to 

• no orbital angular momentum within in the 𝑆 ground term with (L = 0). 

• no SOC with higher octet 4f65d1-based states owing to vanishing ⟨f|h��­|d⟩ coupling. 

The energy splitting is attributed to SOC coupling with excited spin-flip sextet (4f �)-based 

terms, however that coupling is very weak due to large energy gap. 

In contrast, SOC exerts a more pronounced influence on the excited states, inducing a strong 

mixing among them. In fact, the absence of isolated excited SOC multiplet and the continuous 

nature of the SOC levels lead to a failure of the spin-Hamiltonian approach as effective 

Hamiltonian, thereby yielding unreliable results. 

 The energy gap between the ground KDs and low-lying excited KDs is ~29700 cm-1. These 

transitions occur at relatively high energy, corresponding to ultraviolet (UV) excitation and 

emission. 
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Figure 9.2. Non-relativistic and relativistic energy levels of free Eu2+ ion calculated employing 

( 36	« 	| 35	� )-SA-CASSCF(7,19)/NEVPT2 and experiments (adapted from Ref [405]). For all 

the lowest energy level is normalized to zero for better comparison. 

 
 

9.2. Eu2+ in cubic (inverted Oh) ligand field 

In the preceding section, the electronic structure of free Eu2+ ion has been investigated, 

unraveling its fundamental properties. However, when Eu ion, as impurity, is incorporated in 

solid-state materials, the surrounding environment exerts a significant influence on the 

electronic and optical properties. To initiate our exploration, we will focus on a simplified 

model structure featuring Eu within a highly symmetric field, specifically a perfect cubic ligand 

field, as shown Figure 9.4b. Although Eu2+ ions are typically encountered in more complex 

and distorted environments within Eu2+-doped phosphors, this straightforward scenario serves 

as a foundational starting point and a valuable reference for delving into more intricate cases. 
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9.2.1. Calculations details 

Preliminary SA-CASSCF(7,19)/NEVPT2 calculations conducted on Oh-[Eu(NH3)8]2+ model 

structure, shown in Figure 9.3, employing the same methodology for free Eu2+ ion (refer to 

Section 9.1.1). The relativistically re-contracted def2-TZVP basis sets for DKH of the Ahlrichs 

group[406, 407], specifically utilizing the DKH-def2-TZVP basis set, were used for all main 

group element atoms except Eu. The Hessian was calculated at DFT level of theory employing 

PBE0[227, 234, 235] functional. A potential energy surface (PES) scan along a vibrational 

mode, selected based on the symmetry rules, was performed utilizing SA-

CASSCF(7,19)/NEVPT2 both with and without the inclusion of the SOC.[140, 149] 

9.2.2. Electronic structure of Eu2+ in cubic (inverted Oh) ligand field 

As discussed above, Eu2+ ion has a ground term S�/&(4f �)	
«  with lowest excited terms are the 

sextet P	(4f �)	
�  and the octet H	(4f �5d')	

« . Upon Eu doping in the crystalline host, the latter is 

get strongly stabilized, and became the emitting state, by strong interaction of 5d orbitals with 

the lattice. 

As illustrated in Figure 9.3, the degeneracy of the 4f and 5d orbitals are lift in the 

coordinated [EuN8] prefect cubic structure. The centrosymmetric cubic symmetry will follow 

the notation of the regular 𝑂" point group but with inverted splitting of the orbitals (inverted 

𝑂" symmetry). It also could be regarded as composed of two tetrahedra. The 5d orbitals split 

into lower 𝑒s	*5dq"/9"+:", and higher energy 𝑡&s *5d9:/9q/:q, molecular orbitals (MOs), with 

crystal field splitting (Δ­®�A­ = 2Δ=7 = −8/9	Δm8), where Δ is the 10𝐷𝑞.[408] Similarly, 

albeit with a weaker impact resulting from the shielding effect of the outer closed shells, the 4f 

orbitals split into 𝑡'O	*4fq5/9q"/:q",, 𝑡'O	*4fq(9"+:")/9(9"+j:")/:(:"+j9"), and 𝑎&O	*4f9:q, 

MOs. In fact, the investigated model structure revealed an unexpected splitting of the 4f orbitals 

adheres to the regular 𝑂" orbital ordering (𝑎&O <	 𝑡'O < 𝑡'O), rather than the inverted 𝑂". This 

deviation from the anticipated behavior is attributed to the relatively weak LF strength imposed 

by NH3 ligand in the model structure. However, a contrasting scenario emerges in Eu2+-doped 

phosphors featuring stronger ligand fields with oxide (O2-) or nitride (N3-) ligands. In these 

environments, the 𝑎&O	MO, associated with the 4f9:q orbital and characterized by loops that 

directly point towards the ligands, experiences stronger destabilization compared to the 



9 Electronic Structure of Free Eu2+ Ion and Doped in Perfect Cubic Ligand Field 

 120 

respective 𝑡'O and t&O 4f-based MOs. This interaction effectively restores the inverted orbital 

splitting order (𝑎&O >	 𝑡'O > 𝑡'O). 

 

 

Figure 9.3. The CASSCF(7,19) optimized active orbitals and their energies calculated in 

[Eu(NH3)8]2+ model structure. The figure shows the orbital splitting of 4f, 5d orbitals under 

ideal cubic (inverted 𝑂") symmetry. The 5f orbitals are omitted. 

 

 

On the ligand field limit, as shown in  Figure 9.4 and Figure 9.5 (at 𝑄 = 0), the ground 

𝑆�/&	
« (4f �) term transformed as 𝐴'O	

«  state with the (𝑎&O' 𝑡'Oj 𝑡&Oj )	electronic configuration. The 

lowest excited atomic term 𝐻	(4f �5d')	
«  is transformed and split into *𝑇&s, 𝐸s, 2𝑇's,	

«   states. 

These states arise from the excitation  4f � → 4f �5d', precisely  (𝑎&O	 𝑡'O	 𝑡&O	 )� →

(𝑎&O	 𝑡'O	 𝑡&O	 )�	*𝑒s	 𝑡&s	 ,
' which encompassing the three electronic excited configurations 

*𝑎&O' 𝑡'Oj 𝑡&O& 𝑒s', 𝑎&O' 𝑡'O& 𝑡&Oj 𝑒s', 𝑡'Oj 𝑡&Oj 𝑒s',. Within the studied model system, the lowest excited 

°1.5

°1.0

°0.5

0.0

0.5

1.0

E
ne

rg
y

(x
10

6
cm

°
1 )

!

"

5d!!5d"!#$!

5d!"5d!#5d"#

4f"$!

t2g

eg

t1u
t2u

4f!" 4f$!!

a2u

4f"!!

4f! "!#$!4f" "!#%$!4f$ $!#%"!

Inverted	O!

Δ'()*'



9 Electronic Structure of Free Eu2+ Ion and Doped in Perfect Cubic Ligand Field 

 121 

state is 𝑇&s	
«  arises from the first excited configuration due to stabilization of 𝑡'O MO over the 

others, while other states *𝐸s, 2𝑇's,	
«   are higher in energy. However, as discussed in the 

previous section, in some other cases, the order could be reversed leads to stabilization of 𝑎&O 

MO and 𝐸s	«  as lowest excited state arises from the latest electronic excited configuration. 

 

 

Figure 9.4. A simplified description of the electronic structure and transitions within the Eu2+ 

ion free and doped in various LF symmetries. a) The ground and lowest excited atomic terms 

of free Eu2+ ion in spherical symmetry. b) The transformation and spitting of these terms into 

energy states under the cubic field (inverted Oh). c) Additional splitting of these states due to 

vibronic coupling or (P)JTE along the tetragonal distortion (𝑒s vibrational mode) leading to 

𝐷�" point group is schematically illustrated. Different distortion pathways are explored, 

showcasing varied orbital orderings and the dominance of distinct 5d orbitals in the lowest 

excited states. d) Continuing with further distortion to an arbitrary lower-symmetric point 

group (e.g., 𝐶&"). In this scenario, the lowest excited state (E¯ in 𝐷�") is split into two excited 

states both dominated by the same type of 5d orbital. Only one pathway is presented, dominated 

by (d9"+:"), while acknowledging that the alternative pathway, where lowest excited states are 

dominated by (dq"), is also possible but omitted for sake of clarity. Blue and red arrows denote 

the corresponding optical processes of absorption and emission, respectively. Within this 

representation, SOC is generally neglected for simplification purposes. 
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Finally, the orbital degeneracy of the ground and excited states could be subsequently lifted 

by geometrically distortion of the ligand network. In addition, the spin degeneracy of these 

states also is lifted by SOC leaving only Kramer’s doublets (KDs). In fact, in the studied Eu2+-

doped phosphors within the scope of this work, Eu is doped in distorted ligand structure, 

introducing a lower level of symmetry around it (for example, see Table 10.1 and Table 11.1). 

This distortion may originate intrinsically from the host crystal structure or be induced upon 

Eu doping, potentially by the (pseudo-) Jahn-Teller effect (JTE or PJTE). As discussed in the 

next section, this effect becomes particularly evident where the degeneracy of excited states 

induces PJT distortion. This leads to the tetragonal distortion of the perfect cube of studied 

model structure and, consequently, further splitting of the excited states. 

Based on the nature of the distortion, variations in the order and strength of splitting within 

the 5d and 4f orbitals may occur. Particularly distinct distortion pathways, as highlighted in 

Figure 9.4, can result in the predominant domination by either (5dq") or *5d9"+:", orbital in 

the lowest excited (emissive) state. This distinction holds a significant influence on the 

luminescence characteristics of Eu2+-doped phosphors[80], as elaborated in the next chapters. 

The exploration of (P)JTE can pivotally help to understand and unravel the intricate 

interplay between the local environment and the electronic behavior of Eu2+ ions within these 

materials and its implications for the optical properties. A preliminary investigation into the 

electronic structure of Eu2+ in a cubic ligand field and the consequential impact of distortion 

by PJTE is conducted on an [EuN8H24]2+ model structure in the upcoming section. 

9.3. PJTE in Eu2+ in prefect cubic Ligand Field 

Within the [EuN8H24]2+ model structure under a cubic crystal field (𝑂"), the electronic ground 

and excited states suffer from PJTE. First, the lowest excited states could be twofold *𝐸s, or 

threefold *𝑇's, 𝑇&s, degenerate. According to the group-theoretical rules, the vibronic coupling 

will be non-zero along some normal modes (active JT modes), which can be determined from 

the symmetric products of the states donated by [𝛤⨂𝛤];[93, 97] 

�𝐸s⨂𝐸s� = 𝐴's⨁𝐸s  

�𝑇&s⨂𝑇&s� = �𝑇's⨂𝑇's� = 𝐴's⨁𝐸s⨁𝑇&s 

and excluding the totally symmetric *𝐴's, term as it can’t alter the symmetry. So, E¯ state can 

couple 𝑒s mode leading to the well-known 𝐸s − 𝑒s pJT problem. While both *𝑇's, 𝑇&s, states 
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behave similarly leading to  𝑇&s − *𝑒s⨁ 𝑡&s, pJT problem. So, there are five even-parity 

active JT modes; two (𝐸s type) for tetragonal distortion and three (𝑇&s type) for trigonal 

distortions. However, due to the weaker coupling and the complexity of 𝑇&s − 𝑡&s case 

comparted to  	𝑇&s − 𝑒s, so as a first approximation the 𝑇&s − 𝑡&s coupling will be skipped 

from the investigation and we focused only on the tetragonal distortions. 

Figure 9.5a illustrates the PES scan, employing SA-CASSCF(7,19)/NEVPT2 level of 

theory, along tetragonal distortion (𝑒s mode) on the model system. PJTE splitting is clearly 

detected in both ground and lowest excited states with stabilization energies of 𝐸x=
s~2000 and 

𝐸x=b ~600 cm-1. The coupling leads to symmetry lowering from 𝑂"	(𝑄 = 0) to 𝐷�"	at �Δ𝑄x=
s � =

6 and �Δ𝑄x=b � = 4 for ground and lowest excited states, respectively. 

Although the ground state at the high symmetry point (𝐴'O) is non-degenerate, it exhibits 

pronounced 𝑒s − PJTE, indicating its instability. That could be attributed to the indirect 

influence of the excited states on ground state through CI mixing. Splitting of both 4f and 5d 

orbitals also observed along PES scan, as shown in Figure A. 1. That is also consistent with 

our previous observation of the overlap between 4f and 5d orbitals (refer to Figure 9.1) and 

the bonding and vibronic coupling analyses on the lanthanides ions (Ln) which showed that 

they can’t  be simply treated as (4f%) instead behave like (4f%5d*).[136]  

The octet states 𝛤	«  are eightfold spin degenerate. After inclusion of SOC, within the 

octahedral double group (𝑂′ point group), 𝛤	«  split into 3 components (𝛤�⨁𝛤�⨁𝛤«) on the 

Bethe’s notation or  (𝐸&@⨁𝐸j@⨁𝐺@) on Mullikan’s notations, where the first two are spin-doublet 

while the latest is spin-quadruplet degenerate. Again, the PJT active modes can be determined 

from the antisymmetric product of the states donated by {𝛤⨂𝛤};[93, 97] 

{𝛤�⨂𝛤�} = {𝛤�⨂𝛤�} = 𝐴'⨁	𝐸	  

{𝛤«⨂𝛤«} = 𝐴'⨁𝐸	⨁𝑇& 

applying the same approximation as previously discussed, excluding 𝐴', 𝑇& terms, the problem 

can be effectively reduced into  (𝛤�⨁𝛤�⨁𝛤«) − 𝑒  PJT problem. As shown in Figure 9.5 b, the 

relativistic four ground KDs show the same stabilization energy as non-relativistic ground state 

with negligible splitting between 4 KDs, signifying a negligible SOC effect in the ground state. 

However, SOC excited states exhibit a different and more complex behavior. First, the lowest 

excited 4f65d1 multiplet splits (for the lowest 4 KDs) by about ~200	(at	|Δ𝑄| = 0) −

1000	(at	|Δ𝑄| = 4 − 6) cm-1. The spin-quadruplet degenerate excited state (𝛤«), which 
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initially encompasses two degenerate KDs, undergoes a split into two KDs (𝛤� and 𝛤�) by PJT 

effect. Conversely, the spin-doublet degenerate excited state (𝛤� and 𝛤�) and as KDs can’t 

undergo splitting by JT/PJT effect however each experiences stabilization towards the lower 

symmetric structure. Focusing one the lowest excited SOC state (𝛤«), split by PJT into 2 KDs, 

where the lowest excited KDs demonstrate a pronounced stabilization 𝐸x=b@~900 cm-1 compared 

to ~600 cm-1 for the original non-relativistic lowest excited state.  

It is well-established that JTE/PJTE is typically suppressed by inclusion of SOC, a 

phenomenon explained and referred to as the Ham effect[257, 258]. In practice, SOC 

effectively removes the degeneracy of the states. However, 𝛤« state, under 𝑂′ symmetry, retains 

the degeneracy and the SOC not only fails to suppress but also activates PJT effect. A similar 

behavior has been observed in spin-quadruplet degenerate states in 4d and 5d transition metal 

compounds.[259, 260]  

In addition as seen in  Figure 9.5, on the non-relativistic limit the energy gaps between the 

ground and lowest excited (emissive) states are ~22500	(at	|Δ𝑄| = 0) and 

~24000	(at	|Δ𝑄| = 4 − 6) cm-1, so, the local environment effect due to the structural 

transformation change the emissive transition energy by ~1500	 cm-1. On the relativistic limit, 

the energy gaps between the ground and lowest excited (emissive) KDs are 

(~21400	(at	|Δ𝑄| = 0) − 22500	(at	|Δ𝑄| = 4 − 6) cm-1, so, inclusion of both structural 

effect and SOC, change the emissive transition energy by ~1100	 cm-1. We can see that local 

environmental effect (including crystal and ligand effects, symmetry changes, and later 

vibronic coupling) dominates the emission band energy to higher limit exceeding the SOC 

effect. So, at a first approximation, the SOC effect is obscured by the band broadening 

mechanism and may be overlooked on the broader scale. Nevertheless, SOC can influence the 

fine electronic and magnetic structure of both the ground and emissive multiplets, and its effect 

should be considered when studying the fine-tuning effects in narrow band emissions. 

Finally, it is important to keep in mind that the structure can undergo further splitting due to 

the lower symmetry experienced in real-life phosphors, as elucidated in Figure 9.4c-d, Table 

10.1, and Table 11.1. Furthermore, the bonding and covalency between the Eu2+ and ligands is 

also equally crucial, exerting a significant influence on the electronic states, transitions, and 

optical properties, as we have shown in our work [80, 243] and further discussed in next 

chapters. 
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Figure 9.5. a) PES of non-relativistic ground and excited states calculated using 

CASSCF(7,19)/NEVPT2 and scanned along 𝑒s mode. The states at higher symmetry 

(𝑂" , at	Δ𝑄 = 0) and at lower symmetry (𝐷�" , at	Δ𝑄 = 4 − 6) are also given. b) 

Corresponding PES scan of relativistic states with the inclusion of SOC. 𝐸x=
s , 𝐸x=b  are the pJT 

stabilization energies of ground and lowest excited states on the non-relativistic limit, 

respectively. While 𝐸x=
s@, 𝐸x=b@ are the stabilization energies of ground KDs and lowest excited 

KDs on the relativistic limit, respectively. 

9.4. A qualitative analysis of Absorption and emission processes 
in Eu2+-doped phosphors 

Critical to the functionality and application of pc-LEDs is the optical characteristics of the 

employed phosphor. When selecting phosphors, various criteria must be met, encompassing 

factors such as the emission band position (color) and width, a compatible excitation spectrum, 

thermal stability, and quantum efficiency.[19, 20, 76] 

Considering the electronic structure investigations in the previous sections, a qualitative 

representation of the optical processes (absorption and emission) in Eu2+-doped phosphors can 

be given. As shown in Scheme 9.1, the energy gap and excitations between ground and excited 

terms are very high in energy spanning most of the UV range. However, in crystal host the 

separation between the ground 4f-based and excited 4f5d-based energy levels, can be reduced 
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to approach the near UV and visible wavelength range. This adjustment is facilitated by 

nephelauxetic effects and ligand field splitting (LFS). In these phosphors, the 4f � → 4f �5d' 

transitions define their excitation and emission characteristics. However, these transitions are 

host-tunable i.e. significantly influenced by the crystal structure and local domains of the host 

material. The intensity, peak position, and width of these spectroscopic transitions are 

collectively modulated by the host, with mainly the 5d orbitals, representing the excited state, 

being particularly vulnerable to factors such as host structure, coordination site symmetry, 

anion polarizability, and the covalency with the anionic framework. 

In summary, when Eu2+ is doped in 8-fold coordinated host environments [EuL8], under the 

1-electron picture, action of interelectronic repulsion will stabilize the 2S+1=8 excited state 

multiplets of the 4f65d1 shell above the 2S+1=8 4f75d0 ground state multiplets. It follows that 

the cubic ligand field splitting (LFS) will lift the degeneracy of the 4f and 5d orbitals in an 

inverted octahedral order with LFS in 5d manifold, refers to Δcubic. Further distortions towards 

tetragonal/trigonal ligand fields will further lift the remaining orbital degeneracies and 

consequently the ground and excited states degeneracy. The type of distortion, local 

symmetries and LFS are collectively quantifying the 5d splitting characteristics which 

dominate the electronic and optical properties. For instance, compression of the [EuL8] cuboid 

and short Eu-L bond lengths in the coordination environment results in a large LFS, leading to 

a significant stabilization of the lowest d level, causing an emission redshift. In addition, the 

lowest 5dq"/5d9"+:" dominating the emissive state can have consequences on the emission 

characteristics.[80] 

It follows that, quantities like the LFS (ΔELOJ(�,	ΔE�), band gap energies,	Ew¤  and Stokes 

shifts (Δ𝑆)	are important quantities of the absorption and emission processes which determine 

the energy position and the bandwidth of the different spectral features. In addition, the energy 

difference between the valence Eu	4f → Eu	5dq"/9"+:" and the metal to metal charge transfer 

Eu	4f → Eu	5d9q/:q/9: (MMCT) excitations or the metal to ligand charge transfer 

Eu	4f → L	3p9/:/q (MLCT) can be thought as a measure of the Eu2+ doped phosphors thermal 

stability. [80, 371] These CT excited states are high in energy and significantly overlap with 

the host electronic manifold. As the temperature increases, the population of these states is 

enhanced. These states have a high probability to relax through non-radiative pathways causing 

a significant reduction in the emission quantum yield. 
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Scheme 9.1. Schematic representation of the absorption and emission processes in Eu2+ doped 

phosphors together with the most important energy quantities that dominate the energy position 

and the bandwidth of the spectral features.  

9.5. Conclusions 

In this chapter, the electronic structure and transitions of Eu2+ ion free and doped in simple 

model structure mimicking the Eu2+-doped phosphors have been studied. The complexities in 

describing the electronic structure properties of the ground and emissive excited states were 

analyzed in detail. It was shown that the density of states involves various excitations, with n 

the  intra- and inter-configurational 4f � ⟶ 4f � and 4f � ⟶ 4f �5d' transitions that are affected 

by electron correlation effects, and spin-orbit coupling. In particular, the 4f5d-based excited 

states shown to be in addition sensitive to the ligand field effects of the local ligand structures. 

It was in particularly highlighted that Eu2+-doped highly symmetric structures show the 

electronic-structural instabilities leading to symmetry breaking through JTE or PJTE. This 

introduces, at a basic level, dynamical interactions (vibronic effects) that impact electronic and 

optical properties, influencing energy levels and transition strengths. In conclusion, the 

influence of the local environment seems to be more substantial than SOC effects, both in static 

and dynamic limits. The presence of CT transitions is noted to enhance non-radiative 

relaxation, thereby affecting the emission efficiency. The interplay between various couplings, 

coupled with non-radiative relaxation processes, collectively shapes the electronic and 

magnetic structures of ground and excited states, governing relaxations, and 
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photoluminescence characteristics. In the following chapters, these effects and interactions will 

be analyzed in a thorough and systematic way aiming to ultimately unravel the structural-

electronic-optical properties correlations governing the luminescence in Eu2+-doped 

phosphors.
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10 Luminescence in Eu2+-doped Phosphors for pc-
WLEDs – Design the Computational Protocol and 
Define the Electronic Descriptors 

The results of this chapter have been published in J. Am. Chem. Soc., 2022, 144 (18), 8038–8053. 
DOI: 10.1021/jacs.2c00218 

10.1. Introduction 

In this chapter, a systematic multimethod computational protocol is presented that is able to 

predict the experimental absorption and emission spectral shapes of solid-state Eu2+-doped 

phosphors for pc-WLEDs applications. The protocol is based on TD-DFT and operates in 

conjunction with an Excited State Dynamics (ESD) approach in the framework of embedded 

cluster approach. It contains a thorough electronic structure analysis of the computed spectral 

features that is performed on the basis of the symmetry and Natural Transition Orbitals (NTOs) 

analysis. For this purpose, a study set was carefully selected and comprised representative 

examples of nitride, oxynitride, and oxide UCr4C4-type phosphors, known for their promising 

luminescence features and high tunability provided by the host structure. The study included 

the red-emitting Ca[LiAl3N4]:Eu2+,[326]	 Sr[LiAl3N4]:Eu2+,[329] Sr[LiAl3N2O2]:Eu2+,[125] 

Sr[Mg3SiN4]Eu2+,[327] Ba[Mg3SiN4]Eu2+,[409] and blue-emitting SrLi2[Be4O6]:Eu2+ [126] 

phosphors. 

The agreement between theory and experiment of both absorption and emission spectra is 

very good, thus allowing for a quantitative analysis of the observed and computed spectral 

features. It is demonstrated that across the set of studied Eu2+ doped phosphors, the energy 

distribution and the band shape of the emission spectrum is related to the nature of the 4f-5d 

transitions that are probed in the absorption process. Given the nearly non-bonding nature of 

the 4f-orbitals, the critical factor lies in the covalency of the 5d acceptor orbitals. These orbitals 

become populated in the electronically excited state, ultimately leading to emission. The 
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stronger the anti-bonding interaction between the Eu2+ (5d) and the (Nj/O&+) ligands in the 

excited state is, the larger the excited state distortion and the less rigid the relaxation will be. 

Consequently, the corresponding emission will get broader due to the vibronic progression that 

is induced by the structural distortion and dynamics. In addition, the energy separation of the 

absorption bands that are dominated by states with valence 4f-5d and metal to ligand charge 

transfer (MLCT) character, defines a measure for the thermal quenching of the studied Eu2+-

doped phosphors. The higher the energy separation between the 4f-5d and the MLCT 

excitations is, the more thermally stable the respective phosphors will be. That is because the 

thermal quenching of the emission through non-radiative relaxation processes by host based 

MLCT states is avoided.  

In a next step of the analysis, simple descriptors are identified that show a strong correlation 

with the energy position and bandwidth of the experimental emission bands without the need 

for elaborate calculations. In fact, a simple linear relationship is found between the 5d 

covalency (the degree of covalent dilution of the 5d acceptor orbital) obtained from ground-

state DFT calculations with the width of the emission band. The same simple DFT calculations 

lead to a linear relation between the computed optical band gap energy and the maximum of 

the emission energy of the studied phosphors.  

Overall, we believe that this study and the established correlations between the electronic 

and optical properties serve as an important reference for designing new Eu2+-doped phosphors 

with desired photoluminescence properties. 

10.2. Study Set – Geometric Structure 

In the first step, we define a representative study set. It should be emphasized that owning to 

the vast number of available Eu2+-doped phosphors, a representative group should be carefully 

chosen to form our study set, which constructs the basis for developing a robust computational 

protocol. In the next chapter, the protocol is extended to include more complicated systems.  

The chosen study set of the pc-LED phosphors is presented in Figure 10.1 together with the 

major structural characteristics of the different coordination environments around the doped 

Eu2+ centers. It consists of six well-known Eu2+-doped phosphors. Namely, the oxoberyllate 

phosphor SrLi2[Be4O6]:Eu2+ abbreviated as (SLBO)[126], oxonitridolithoaluminate 

Sr[Li2Al2O2N2]:Eu2+ (SALON)[358], nitridomagnesosilicate M[Mg3SiN4]:Eu2+ (M = Sr 

(SMS) [327], Ba (BMS)[328]), and nitridolithoaluminate M[LiAl3N4]:Eu2+ (M = Sr 
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(SLA)[329], Ca (CLA) [326]) phosphors. They were selected for the study based on the 

following criteria: 

1) All phosphors’ hosts adopt the UCr4C4 crystal structure, which has demonstrated to be 

highly suitable for phosphors exhibiting narrow-band emission.[383, 410] 

2) They encompass diverse host classes and ligand field environments, represented by 

oxide, oxynitride, nitride inorganic host. 

3) They exhibit emissions covering a broad range of wavelengths from red to blue of the 

optical spectrum. 

4) They contain single candidate doping center available for the Eu2+ activator ion, namely 

Ca2+/Sr2+/Ba2+ ions. (except for SLA with two Sr2+ doing centers, as elaborated below) 

As shown in Figure 10.1 and Table 10.1, the selected nitride phosphors contain an ordered 

distribution of edge- and corner-sharing (Si/Mg)N4 or (Al/Li)N4 tetrahedral building units 

which are forming vierer ring channels. The host M2+ ions (M = Ba, Sr, Ca) as well as the 

doped Eu2+ ions are placed at the center of those vierer ring channels, and they are 8-fold 

coordinated by nitride N3- ions. In all the cases the symmetry is lower than cubic (inverted 𝑂"), 

as a result cuboid-like polyhedra Eu/ML8 are formed (for simplicity these polyhedra will be 

referred to as cuboids). In particular, the nitridomagnesosilicate phosphors M[Mg3SiN4]:Eu2+ 

(M = Sr (SMS), Ba (BMS)) crystallize in an ordered variant of the UCr4C4 structure type. SMS 

crystallizes in a tetragonal crystal structure with space group I41/a, isotypic to Na[Li3SiO4] 

with the local symmetry of the Eu/SrN8 coordination polyhedra being distorted cubic 

(approximated by 𝑆�). On the contrary, BMS is a distorted variant of the UCr4C4 structure type 

as it crystallizes in triclinic space group 𝑃1N, however its local symmetry of the Eu/SrN8 is less 

distorted and can be approximately by cubic symmetry (inverted 𝑂").  

Similarly, the nitridolithoaluminate phosphors M[LiAl3N4]:Eu2+ (M = Sr (SLA), Ca (CLA)) 

are also tetragonally distorted variants of the UCr4C4 structure type crystallizing in triclinic 𝑃1N 

and tetragonal I41/a space groups, respectively. In all selected phosphors, there is a single 

candidate center (Ca2+/Sr2+/Ba2+) for the Eu2+ doping, except for SLA , there are in principle 

two doping candidate sites (Sr12+/Sr22+) with two different cationic compositions of the first 

coordination shell ([LiAl7]22/[Li3Al5]18, respectively), however, the two sites have very similar 

local geometric structure in term of Eu-N bond distances, symmetries, and cuboid volumes 

(Table 10.1). As in the case of SMS, the (Eu/Sr1N8, Eu/Sr2N8) and Eu/CaN8 centers in SLA 

and CLA, respectively are tetragonally distorted – they can be approximated by 𝑆� symmetry. 

Along the BMS, SMS, SLA and CLA sequence the crystal field strength, as well as the Eu/MN8 
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cuboids compression is increasing.[18] This is reflected to the decrease of the Eu-M (M=Ba, 

Sr, Ca) (from 3.45 Å to 3.21 Å) and Eu-N (from 2.90 Å to 2.75 Å) bond lengths as well as the 

Eu/MN8 cuboids volume (from 39.5 to 31.9 Å3), respectively across the sequence.  

The oxonitridolithoaluminate phosphor Sr[Li2Al2O2N2]:Eu2+ (SALON) is also an ordered 

variant of  UCr4C4 structure type that crystallizes in the tetragonal space group P42/m. Two 

kinds of tetrahedra ([AlON3]8- and [LiO3N]8-) are forming a condensed network of tetrahedra 

leading to three different types of channels along the [001] direction. The channel hosting the 

Sr2+ or the doped Eu2+cations form Eu/SrN4O4  in C2h symmetric cuboids with Sr-N: 2.76 Å, 

Sr–O: 2.66 Å and Eu-Sr: 3.21 Å bond lengths.  

Finally, the oxoberyllate phosphor SrLi2[Be4O6]:Eu2+ (SLBO) crystallizes in space group 

P4/ncc and contains edge and corner sharing BeO4 tetrahedra which are forming two kinds of 

vierer ring channels along the [001] direction. The channel hosting the Sr2+ or the doped Eu2+ 

ions form Eu/SrO8 (in C4 symmetry) sequences of truncated bipyramidal cuboids in which the 

individual Eu/SrO8 cuboids are rotated by 45° with respect to each other. The Eu-O bond 

lengths range between 2.6 and 2.8 Å while the Eu-Sr bond lengths are quite elongated (4.5 Å). 

This is due to the fact that the rotated pairs of the Eu/SrO8 cuboids do not share common faces, 

as in all the other selected phosphors. To show that our new method can be applied on 

phosphors comprising the entire visible spectrum, and having a structure that is not related to 

the UCr4C4 type, a blue phosphor was additionally selected with SLBO, in contrast to all the 

above presented nitride and oxo-nitride red phosphors. All these structural characteristics and 

their influence on the emission properties of the study set of the chosen phosphors will be 

thoroughly investigated below.  
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Figure 10.1. Atomic structures of red SMS, SLA, CLA, BMS, SALON and blue SLBO 

phosphors. a) and b) Graphical representation of phosphor host crystal structures together with 

their crystallographic space groups. c) The number of crystallographic sites for Eu2+, d and e) 

side and top view of cuboids containing the two adjacent EuL8 and ML8 cuboids (M = Ca, Sr, 

Ba, L = N, O). f) Most important bond lengths Eu-M and Eu-L. g) Local symmetry around the 

Eu/ML8 centers. Atom colors: Ca (light green), Sr (green), Ba (deep green), Eu (cyan), Si 

(gray), Mg (orange), Al (yellowish pink), Li (pink), N (blue), O (red). 
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Table 10.1. Structural and geometrical information of selected phosphors including the host 

crystal space group, doping site(s) (M2+), their ionic radius 𝑟 and in parentheses (Δ𝑟), all in Å. 

Δ𝑟 is the difference in ionic radii between replaced ion M2+ and Eu2+,	where,	the ionic radius 

of Eu2+	=1.25 Å at cuboid 8-fold coordination.[332] Ligand (L) in cuboid ML8, (L = N or O), 

average M/Eu-L bond distances, local symmetry (Γ) of EuL8 cuboid,  volume (V) of the 

cuboid, and the first coordination shell cationic compositions are given.  

Phosphor 
Host 

Crystal 
Space 

Doping 
Site 

(M2+) 

𝑟 
(Δ𝑟) 
(Å) 

L 

Avg. 
M/Eu-

L 
(Å) 

Γ¨) V 
(Å3) 

First shell 
cations 

SrLi2[Be4O6]:Eu2+ 
SLBO 

𝑃4
/𝑛𝑐𝑐 Sr2+ 1.26 

(+0.01) 
O1 
O2 

2.60 
2.80 𝐶� 28.81 [Li4Be4]12+ 

         
Sr[Al2Li2O2N2]:Eu2+ 

SALON 
𝑃4&
/𝑚 Sr2+ 1.26 

(+0.01) 
N 
O 

2.76 
2.66 𝐶&" 30.41 [Li4Al4]16+ 

         
Ba[Mg3SiN4]:Eu2+ 

BMS 𝑃1N Ba2+ 1.35 
(+0.10) N 2.90 𝑂" 39.54 [Si2Mg6]20+ 

         
Sr[Mg3SiN4]:Eu2+ 

SMS 𝐼4'/𝑎 Sr2+ 1.26 
(+0.01) N 2.86 𝐶&	

~𝑆� 
 37.0 [Si2Mg6]20+ 

         

Sr[LiAl3N4]:Eu2+ 
SLA 𝑃1N 

Sr12+ 1.26 
(+0.01) 

N 2.80 𝐶&	
~𝑆� 34.04 [LiAl7]22+ 

Sr22+ N 2.80 𝐶&"	
~𝑆� 34.28 [Li3Al5]18+ 

         
Ca[LiAl3N4]:Eu2+ 

CLA 𝐼4'/𝑎 Ca2+ 1.06 
(-0.19) N 2.75 𝑆� 31.88 [Li2Al6]20+ 

	¨) in some cases, the local symmetry of EuL8 cuboid is slightly deviated from a higher 
symmetric point group. Initially, the true point group is provided, followed by the approximated 
point group. 

 

 

10.3. Experimental Spectra 

The experimental absorption and emission spectra of the chosen study set of the Eu2+ doped 

phosphors are presented in Figure 10.2. All the absorption spectra are quite broad in the visible 

energy region 16000-25000 cm-1. The nitride phosphors CLA, SLA and SMS show a broad 

absorption band with increasing band maximum position observed at 21280 cm-1, 21460 cm-1 
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and 22730 cm-1, respectively. In accordance, the oxynitride SALON and oxide SLBO 

phosphors show absorption spectra with band maxima at 22220 cm-1 and 23100 cm-1, 

respectively. Interestingly, the band maxima increase in the sequence CLA, SLA, SALON ~ 

SMS, SLBO. As it will be discussed in the electronic structure section this blue shift in the 

absorption maxima along the above sequence is associated with the subsequent decrease of the 

crystal field strength of the coordination environment around the Eu. On the contrary, BMS 

seems to deviate for this trend showing a red shift in the absorption spectrum in which the band 

maximum position is located at 21310 cm-1.  

 

 

 

Figure 10.2. Experimental absorption (right) and emission (left) spectra of the selected 

phosphors (CLA: green, SLA: orange, SALON: pink, SMS: red, BMS: blue, SLBO: dark blue) 
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In all the cases, with excitation in the energy region 20600-25000 cm-1 (or wavelength 

region 400-485 nm), a single band emission band is observed in the energy region 12500 to 

22500 cm-1 with full width half maximum (FWHM) that ranges between 1220 and 1990 cm-1 

(25 and 90 nm). In particular, CLA, SLA, SALON, SMS, SLBO show a narrow band emission 

with bandwidths ranging between 60 nm (1330 cm-1) in CLA dropping down to 25 nm (1220 

cm-1) in SLBO. While SLA, SMS, and SALON exhibits FWHM of (50, 43, 48 nm) ~ (1180, 

1140, 1220 cm-1), respectively. In accordance with the absorption spectra the band maximum 

of the emission band is increasing along the sequence CLA (14970 cm-1), SLA (15385 cm-1), 

SALON (16287 cm-1) ~ SMS (16260 cm-1), SLBO (21930 cm-1). All are emitting in the red 

region, while the latest emitting quite deeply into the blue visible light frequency range (450-

490 nm). 

In the case of the absorption spectrum of BMS, the respective emission spectrum declines 

from the above trend showing a band maximum located at 14925 cm-1, with a noticeably broad 

bandwidth (FWHM=90 nm or 1990 cm-1). In following sections, the intensity mechanism 

dominating the observed trends will be thoroughly investigated. 

 

10.4. Computational Protocol and calculations details 

The computational protocol that is employed in this study aims to investigate the optical 

properties of both the host and Eu2+-doped structures. The protocol can be summarized in the 

following steps: 

Step 1: Construction of Cluster Model System 

In an effort to determine the minimum representative quantum cluster model in the framework 

of the embedded cluster approach, we follow the procedure discussed in Section 7.3. For this 

purpose, a set of growing size cluster model systems for both Eu2+-doped and undoped host 

structures were constructed. The selection of an appropriate cluster size was based on size 

convergence, where experimental absorption spectra and the optical band gap were used as 

references for the doped and undoped structures. 

Step 2: Optical spectra Calculations 

Computation and analysis of absorption and emission spectra. The time-dependent DFT (TD-

DFT) in conjugation with excited state dynamics (ESD) methods, coupled with the chosen DFT 
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functional, was employed for this purpose. The analysis was facilitated and became more 

informative by employing the Natural Transition Orbital (NTO) analysis. 

Step 4: Determining Electronic Descriptors 

Based on the obtained results and analyses, a set of electronic descriptors is defined. These 

descriptors play a crucial role in accurately and efficiently predicting the emission properties 

of Eu2+-doped phosphors, in terms of luminescence color, bandwidth, stokes shift and thermal 

stabilities. Structural and crystal field parameters effects are also considered. 

Step 5: Validation and Extension 

In the subsequent chapter (Chapter 12), the computational protocol is extended, and the 

identified descriptors are validated. This validation involved testing a group of Eu2+-doped 

phosphors with more complex structural and emission properties. 

 

All calculations were performed employing the ORCA 5.0 suite of programs.[411, 412] 

Unless otherwise stated, crystal structures' coordinates were obtained from the crystallographic 

data,[124, 126, 326-331, 358] refined based on the experimental crystallographic X-ray 

diffraction. All the clusters were constructed on the basis of the embedded cluster approach.  

In all calculations, the def2-TZVP basis set of the Ahlrichs group[406, 407] were used for 

all main group element atoms while for Eu the segmented all-electron relativistically re-

contracted (SARC) scheme[397-400] was employed. The calculations were accelerated by 

employing the resolution of identity approximation (RI)[413] for the Coulomb integrals, while 

the exchange terms were efficiently computed using the ‘chain-of-spheres’ (COSX)[414, 415] 

approximation by utilizing the SARC/J  coulomb fitting and def2-TZVP/C correlation auxiliary 

basis sets, respectively. Second-order Douglas-Kroll-Hess relativistic corrections 

(DKH2)[401, 402] were used throughout to account for scalar relativistic effects, employing 

the finite nucleus model.[403] The Hartree-Fock (HF) layers used in the embedding cluster 

calculations were equipped with a minimal LANL2DZ basis set with the respective HayWadt 

ECPs.[336-339] 

The optical band gap of the host structures were calculated by the similarity transformed 

equation of motion domain-based local pair natural orbital coupled cluster singles and doubles 

(STEOM-DLPNO-CCSD)[416-419]  as well as TD-DFT[237] levels of theory employing 

PBE0 functional[227, 234, 235].   
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Absorption spectra were computed at the TD-DFT/PBE0 employing Tamm-Dancoff 

approximation (TDA)[420] accompanied by the Natural Transition Orbital (NTOs) analysis for 

the computed bands. Photoluminescence spectra were computed using TD-DFT/TDA/PBE0 

employing the excited state dynamics (ESD) path integral protocol[273-275] in which vibronic 

coupling is included within the Frank-Condon and Herzberg–Teller coupling schemes. In this 

framework, the ground state hessian was calculated at DFT/PBE0 level while the excited state 

geometry and hessian obtained by approximating  excited state PES through vertical gradient 

(VGFC) model as discussed in ESD module.[273] A constant Gaussian broadening was used 

for all presented absorption and emission spectra which amounts to a FWHM of 1500 cm-1 and 

500 cm-1, respectively. For better visual agreement with the experimental absorption spectra a 

second Gaussian broadening with FWHM of 3000 cm-1 was used in some of the computed 

absorption spectra.  

 

10.5. Embedding Cluster Approach 

10.5.1. Construction of the cluster models 

Representative model structures for the calculations of the spectroscopic properties of the host 

and Eu2+ doped phosphors were constructed on the basis of the embedded cluster approach, as 

depicted in details Section 7.3. In the chosen scenario,[83, 84, 141, 333, 421] the embedded 

cluster model consists of four regions (see Figure 7.1) : QC, HF, ECP, PC, as depicted in Table 

10.2. All regions are extracted from the respective crystallographic supercells. 

In a first step, various quantum clusters (QCs) were constructed by preserving the 8-fold 

cubic coordination environment around the central alkaline earth metal ions (Ca2+, Sr2+, Ba2+). 

Structure expansions containing one, two, three or four central cations of the host phosphors 

were considered, abbreviated as monomers, dimers, and trimers. For SLA, due to the presence 

of two adjacent candidate (Sr12+/Sr22+) for the Eu doping, the dimer and tetramers clusters are 

constructed. The respective quantum clusters of the host structures of SMS, BMS, SLA, CLA, 

SALON and SLBO phosphors are visualized in Figure 10.3.  
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Figure 10.3. Graphical representation of (monomer, dimer, trimer, or tetramer) undoped 

clusters of SMS, BMS, CLA, SALON, SLBO used for band gap calculations. The respective 

doped clusters were constructed by replacing one of the central cations M (M = Ca2+, Sr2+, 

Ba2+), with Eu2+. Atom color-coding: Ca (light green), Sr (green), Ba (deep green), Si (gray), 

Mg (orange), Al (yellowish pink), Li (pink), N (blue), O (red). 

 

 

 

 

As discussed and attributed in Section 7.3, the low doping limit is considered so that 

formation of Eu2+ doped phosphors involves the substitution one (Ca2+, Sr2+, Ba2+) cation per 

cluster.[332] due to the similarity of their ionic radii, as shown in Table 10.1. In addition, no 

(Eu2+-Eu2+) interaction is expected, as well, no other cations substitution (e.g., Li+, Mg2+ , Al3+, 

or Si4+) or occupation of interstitial sites on the unsaturated channels is not possible due to 

sterical reasons.[18, 80] Hence the corresponding candidate structures for the respective Eu2+ 

doped phosphors are straightforward constructed from the host model structures of  Figure 

10.3 by replacing one Sr2+, Ca2+ or Ba2+ cations with Eu2+. Owing to the strong rigidity of the 

considered solid-state crystal structures, no further structure relaxation due to Eu2+ doping 

needs to be taken into account. 
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Sr2
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Table 10.2. Detailed description of the employed clusters within the embedded cluster 

approach in terms of the QC and HF layers compositions, the number of atoms in the ECP 

region, the number of point charges in the PC region and the converged CHELPG charges in 

ECP and PC. 

Phosphor QC HF n(cECP) n(PC) CHELPG  
Charges 

SrLi2[Be4O6]:Eu2+ 
SLBO 

[EuLi4Be12O32]34- 

[EuSrLi8Be20O52]52- 

[EuSr2Li12Be28O72]70- 

[Li4Be15]34 

[Sr2Li6Be21]52 

[Sr2Li10Be28]70 

327 
443 
559 

43016 
42867 
42718 

Sr : +2.10 
Li : +0.96 
Be : +1.31 
O : –1.94 

      

Sr[Al2Li2O2N2]:Eu2+ 
SALON 

[EuLi6Al6O12N12]34- 

[EuSrLi10Al10O18N18]46- 

[EuSr2Li14Al14O24N24]58- 

[Sr2Li6Al8]34 

[Sr2Li9Al11]46 

[Sr2Li12Al14]58 

186 
222 
258 

39486 
39429 
39372 

Sr : +1.64 
Li : +1.16 
Al : +2.74 
O : –1.78 
N : –2.90 

      

Ba[Mg3SiN4]:Eu2+ 

BMS 

[EuMg9Si3N24]40- 

[EuBaMg15Si5N36]54- 

[EuBa2Mg21Si7N48]68- 

[Ba2Mg12Si3]40 

[Ba2Mg17Si4]54 

[Ba2Mg22Si5]68 

186 
222 
460 

34464 
34407 
34148 

Sr : +2.20 
Mg : +2.26 
Si : +3.42 
N : –2.74 

      

Sr[Mg3SiN4]:Eu2+ 

SMS 

[EuMg9Si3N24]40- 

[EuSrMg15Si5N36]54- 

[EuSr2Mg21Si7N48]68- 

[Sr2Mg12Si3]40 

[Sr2Mg17Si4]54 

[Sr2Mg22Si5]68 

57 
72 
267 

42130 
42093 
41878 

Sr : +2.07 
Mg : +2.03 
Si : +3.66 
N : –2.81 

      

Sr[LiAl3N4]:Eu2+ 
SLA 

[EuSrLi5Al15N36]54- 
[EuSr3Li10Al26N60]84- 

[Sr2Li5Al15]54 
[Sr2Li8Al24]84 

218 
294 

42600 
42482 

Sr : +2.02 
Li : +0.94 
Al : +2.93 
N : –2.87 

      

Ca[LiAl3N4]:Eu2+ 
CLA 

[EuLi3Al9N24]40- 

[EuCaLi5Al15N36]54- 

[EuCa2Li7Al21N48]68- 

[Ca2Li3Al11]40 

[Ca2Li8Al14]54 

[Ca2Li7Al19]68 

186 
222 
258 

46838 
46781 
46724 

Ca : +1.76 
Li : +1.36 
Al : +2.73 
N : –2.80 

 

As is shown in Table 10.2, all these clusters are highly negatively charged hence, they are 

equipped with HF layer. The (QC+HF) clusters are embedded in an external PC field, 

consisting of about 35000 to 45000 charges, to account for the long-range coulombic forces. 

In order to avoid electron leakage and overdelocalization from the (QC+HF) to the PC region, 

ECP region of 2–3 layers is introduced between (QC+HF) and PC regions, where, the 

corresponding crystallographic positions are substituted by repulsive capped effective core 

potentials (cECPs) as included in the SDD framework. The employed types of cECPs for all 
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elements are given in Table 7.3. The charges equipped the ECP and PC regions were optimized 

in the framework of the Ionic-Crystal-QMMM embedded cluster protocol in ORCA employing 

the CHELPG[351, 352] scheme for calculating the charges of ions. The chosen convergence 

criteria ensure an overall neutral cluster according to the neutrality condition (q(QC + HF) = − 

q(BR + PC))[141] as well as a uniform charge distribution in all (QC, HF, BR, and PC) regions. 

The final optimized charges are given in Table 10.2. 

It should be noted that within the employed embedding scheme, the positions and 

magnitudes of the point charges are kept fixed while no additional corrections for the long 

range electrostatics are taken into account.[84, 422] This scheme has been proven successful 

in treating a variety of chemical problems in the field of semiconductors, insulators as well as 

molecular crystals.[83, 84, 140, 142, 421, 423-428] Note that while this scheme can be applied 

to a broad range of systems, metallic systems or materials for which the electronic structure is 

strongly delocalized cannot be treated. 

 

10.5.2. Cluster size convergence  

In a next step, we perform cluster size convergence of the candidate clusters presented in 

Figure 10.3 and Table 10.2 with respect to the optical band gap (Eg) energies of the host 

phosphor structures and the absorption and emission spectral shapes of the Eu2+ doped 

phosphors. For these purpose we choose to present the cases of (SMS)[327] and (CLA)[326]. 

As seen in Figure 10.4 a and c, the computed optical band gap energies at the PBE0 TD-DFT 

and STEOM-DLPNO-CCSD levels of theory in both cases are converged for the trimeric 

structures ({[EuSr2Mg21Si7N48]68- + [Sr2Mg22Si5]68+}0 and {[EuCa2Li7Al21N48]68- + 

[Ca2Li7Al19]68+}0). However, only when the STEOM-DLPNO-CCSD method is employed, the 

computed band gap energies of the SMS and CLA host trimer structures are matching the 

experimental values with errors that are below 0.05 eV, while the respective PBE0 TD-DFT 

results deviate more than 0.5 eV from the experimental values. Nevertheless, this is still an 

acceptable deviation showing that PBE0 TD-DFT is a valid method to describe the absorption 

and emission spectra of these systems. In fact, as shown in Figure 10.4 b and d, the shape of 

the PBE0 TD-DFT computed absorption and emission spectra of the Eu2+ doped dimer and 

trimer structures has converged while both type of spectra show nice agreement with the 

experiment. It should be emphasized that at the converged cluster sizes (e.g. trimer structures) 

placing the Eu2+ at the center or the edge cuboids does not alter the computed quantities. Hence 
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based of the above results in the case of SMS, BMS, CLA, and SLBO the dimer Eu2+ doped 

structures have been chosen to study the absorption and fluorescence spectra of the study set 

of the Eu2+ doped phosphors. In the case of SLA, both dimer and tetramer clusters showed 

similar results, so again the dimer Eu2+ doped structure used, where in the dimer cluster only 

on site (either Sr12+ or Sr22+) is Eu doped, and the final spectra will be sum of the partial spectra 

of the two sites. Finally, in the case of SALON trimer clusters were used, as it shows better 

agreement with the experiment as shown later. 

 

 

 

Figure 10.4. Cluster size convergence of SMS and CLA phosphors with respect to optical band 

gap energies and (a, c) absorption and fluorescence spectra (b, d). The band gap energies are 

computed at the PBE0 TD-DFT and STEOM-DLPNO-CCSD level of theory while the 

absorption and fluorescence spectra at the PBE0 TD-DFT level in the framework of ESD 

approach. 
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10.6. Absorption and Emission Processes: A Qualitative Electronic 
Structure Analysis 

Let us now discuss the most important factors that influence the absorption and emission 

processes in Eu2+-doped phosphors in which Eu2+ is doped in 8-fold coordinate host 

environments. For this purpose, we will undertake an electronic structure analysis based on the 

monomer (dimer, trimer etc.) structures presented in Figure 10.3. 

The electronic structure of the free Eu2+ ion and its behavior when doped in ideal cubic 

crystal field (inverted 𝑂"), has been previously discussed Chapter 9. Additionally, Section 9.4 

introduced a qualitative analysis of absorption and emission processes in Eu2+-doped 

phosphors, which was summarized in Scheme 9.1. The phosphors investigated here, with Eu 

local symmetry lower than the ideal cubic, can be viewed as distorted structures from the ideal 

case. Notably, quantities such as ligand field splittings (LFS) (ΔELOJ(�,	ΔE�), band gap 

energies,	Ew¤  and Stokes shifts (Δ𝑆)	emerged as crucial factors influencing absorption and 

emission processes, determining the energy position and bandwidth of different spectral 

features. Furthermore, the presence of MLCT states, which significantly overlap with the host 

electronic manifold, increases the probability of relaxation through non-radiative pathways, 

leading to a substantial reduction in the emission quantum yield and thermal stability.[80, 371] 

Focusing now on the Eu2+ doped nitride phosphors (SMS, BMS, SLA and CLA), while in 

BMS, the Eu2+ is coordinated in an 8-fold N3- network in an approximate cubic symmetry, in 

SMS, SLA and CLA a tetragonal distortion occurs around the Eu2+ center which reduces the 

symmetry of the EuN8 building block from cubic (inverted 𝑂") to 𝐷�". In reality, due to 

additional distortions in the host frame the center of inversion is lost reducing further the 

symmetry of EuN8, which can be approximated to 𝑆�. The molecular orbital (MO) energy 

splitting of the ground state configurations of BMS, SMS, SLA and CLA, in cubic and 𝑆� 

symmetries, together with the most important single electron excitations arising from these 

ground state electron configurations within the 1-electron picture is visualized in Figure 10.5. 

In SMS, SLA and CLA the 𝑆� symmetric 8A ground state obtains the 

1e11a11b12e12a13b02a03e04b0 electron configuration. It follows that valence Eu	4f →

Eu	5dq"/9"+:" single electron excitations or electron decays Eu	5dq"/9"+:" → Eu	4f will give 

rise to 2S+1=8 and 2S+1=6 multiplets of A and E symmetries along the absorption and 

emission processes, respectively. BMS, on the contrary, obtains 8A1u ground state. As 

illustrated in Figure 10.5, under cubic symmetry the Si-2s and N-2p orbitals in the SiN4 cuboid 
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are correctly oriented to allow maximum overlap. As a result, the ligand based anti-bonding 

σ*(Si-2s, N-2p) MO is stabilized below the Eu-5d MOs leading to the ground state 1t1u3 1t2u3 

1a2u1 2a2u0 1eg0 1t2g0 electron configuration. Hence the lowest multiplets in the absorption and 

emission processes will be dominated by Eu	4f°±² → L	σ ∗ (Si− 2s,N− 2p) and L	σ ∗ (Si−

2s,N− 2p) → Eu	4f°±² electron excitations and electron decays, respectively. 

 

 

Figure 10.5. Qualitative molecular orbital diagram of the monomeric of nitride doped Eu2+ 

phosphors adopted for cubic (reversed Oh) EuN8 centers (BMS) and for EuN8 centers (SMS, 

SLA and CLA) of in S4 symmetry. Black arrows indicate absorption processes. Red arrows 

indicate emission processes and red crosses indicate dipole forbidden transitions. 
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rise to 2S+1=8 and 2S+1=6 multiplets of (Ag,Bg for SALON and A,B,E for SLBO) symmetries 

along the absorption and emission processes, respectively.  

Ultimately, as depicted in Figure 10.1, the emission energy is contingent upon the strength 

of the ligand field strength and 4f-5d splitting, where both decrease along nitride, oxynitride, 

and oxide phosphors sequence. However, the Eu-L bond distance also plays a role, introducing 

another contributing factor in the final determination of the emission energy. 

 

 

 

Figure 10.6. Qualitative molecular orbital diagram of the monomeric oxonitride and oxide 

doped Eu2+ phosphors adopted for cubic (C2h) EuO4N4 centers (SALON) and for tetrahgonally 

distroted (C4) EuO8 centers (SLBO). Black arrows indicate absorption processes. Red and blue 

arrows indicate (red and blue color, respctively) emission processes and red crosses indicate 

dipole forbidden transitions. 
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As discussed in the computational Section 10.4, the absorption and fluorescence spectra are 

computed at the TD-DFT/PBE0 level of theory in conjugation with the ESD approach to 

account for the vibronic coupling. Analysis of the electronic transitions and impact on the 

spectral features is performed on the basis of natural transition orbitals (NTOs). 

10.7.1. Nitride phosphors 

Starting with the nitride Eu2+-doped phosphors including SMS, BMS, SLA and CLA. 

Respectively, Figures 4.7-10 illustrate their computed versus experiment absorption and 

fluorescence spectra as well as the NTO analysis of the relevant absorption/fluorescence bands. 

Generally, for all the studied cases, the agreement between theory and experiment is very good 

allowing a quantitative analysis of the spectral features. 

 

 

Figure 10.7. a) SMS experimental (black), calculated TD-DFT/PBE0 absorption (blue, light 

blue) spectra and experimental (brown), TD-DFT/PBE0/ESD calculated (red) emission 

spectra. b) NTO analysis of the relevant bands in absorption spectra and c) the 1st transition 

responsible for emission upon relaxation. 
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respectively. The shoulder (band 3) and bands (4,5) are dominated by MLCT type of 

excitations. Band 1 shows that the emission process involves electron decay from a non-

bonding Eu	5dq" orbital to an isolated Eu	4f°±² orbital. Since there is no significant distortion 

in the excited state relative to the electronic ground state, there can also be no vibronic 

progression thus leading to narrow band emission. Consequently, the rigid nature of this 

transition causes narrow band emission. The energy separation between the valence bands (1,2) 

and the MLCT bands (3,4,5) is ~1150 cm-1 (0.14 eV). Such a small energy separation indicates 

that thermal quenching of the emission through non-radiative relaxation processes is possible 

explaining the poor thermal stability of SMS. In fact, the computed emission spectra from 

bands 3 and 4 lead to negligible intensity emission lines. 

Let us now discuss the case of the narrow band phosphors SLA and CLA. These phosphors 

have shown somewhat larger emission bandwidths (FWHM(SLA) = 50 nm~1180 cm-1 and 

FWHM(CLA) = 60 nm~1330cm-1) with respect to the SMS (FWHM(SMS) = 43 nm~1140cm-

1). The computed versus experiment absorption and fluorescence spectra are visualized in 

Figure 10.8 and Figure 10.9. Once again, the agreement between theory and experiment is 

satisfactory allowing a quantitative analysis of the experimentally observed spectral features. 

In the case of SLA presented in Figure 10.8, there are two different Eu doping candidate sites, 

with similar local geometric and electronic structure, however exact local symmetry around 

Sr2 is more order than Sr1 resulting in some transition restriction for Eu at Sr2. Generally, they 

exhibit similar absorption spectra while the emission spectra were dominated by emission of 

Eu doping Sr1 site resulting in the narrow bandwidth. The computed absorption spectra are the 

sum of partial absorption spectra for Eu doping the two sites, and both show similar NTO 

analysis. The computed spectra are dominated by three bands, which according to the NTO 

analysis are characterized by Eu	4f°±² → Eu	5d9"+:" − N	2p (band 1),  Eu	4f°±² →

Eu	5d9"+:" (band 2), and metal to ligand charge transfer (MLCT, band 3) single electron 

excitation contributions. As band 1 indicates, the emission process (for Eu doping Sr1) involves 

an electron decay from a practically anti-bonding Eu	5d9"+:" − N	2p molecular orbital to an 

isolated Eu	4f°±² orbital. This introduces little vibronic interaction with the environment, which 

is associated to the 2% N 2p character of the acceptor NTO orbital that dominates absorption 

band 1. Once again, the rigid nature of this transition causes narrow band emission however 

due to the anti-bonding character of the acceptor NTO orbital participating in the emission 

process the SLA emission spectra are broader than those of SMS. On the contrary, the higher 

thermal stability of SLA phosphor in comparison to SMS is associated to the large energy 
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separation between the valence and MLCT bands in the absorption spectrum, which amounts 

to 0.35 eV in SLA in comparison to 0.14 eV in SMS. This is also in agreement with 

experimental observation from direct nitrogen 1s2p RXES measurements.[371] 

 

 

 

Figure 10.8. a) SLA experimental (black), calculated TDDFT/PBE0 absorption (blue) spectra 

and experimental (brown), TDDFT/PBE0/ESD calculated (red) emission spectra. The 

calculated absorption spectrum is the sum of partial absorption spectra of Eu(1,2) doping at 

two sites (Sr1 and Sr2). For the emission, the spectrum was dominated by emission spectra at 

Sr1. b) NTO analysis of the relevant bands in absorption spectra and c) the 1st transition 

responsible for emission upon relaxation, for Eu doping Sr1 site. 

 

 

In the case of CLA, the computed absorption spectrum presented in Figure 10.9  shows five 

bands which according to the NTO analysis are characterized by Eu	4f°±² → Eu	5d9"+:" −

N	2p (band 1), Eu	4f°²"/±²" → Eu	5d9"+:" − N	2p (band 2), Eu	4f°²"/±²" → Eu	5dq" (band 3), 

and metal to ligand charge transfer (MLCT, shoulder band 4 and bands 5 ) single electron 

excitation contributions.  As in the case of SLA, band 1 indicates that the emission process 

involves an electron decay from a practically anti-bonding Eu	5d9"+:" − N	2p molecular 

orbital to an isolated Eu	4f°±² orbital which again introduce little vibronic interaction with the 

environment.  
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Figure 10.9. a) CLA experimental (black), calculated TD-DFT/PBE0 absorption (blue) spectra 

and experimental (brown), TD-DFT/PBE0/ESD calculated (red) emission spectra. b) NTO 

analysis of the relevant bands in absorption spectra and c) the 1st transition responsible for 

emission upon relaxation.  
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characters while bands 4 and 5 have solely MLCT single electron excitation characters. Hence 

the emission process from band 1 results in a red shifted emission spectrum in contrast to what 

is expected by the crystal field strength due to structural expansion of the EuN8 cuboid (39.54 

Å3) and longer Eu-N bond distance 2.9 Å (Figure 10.1 and Table 10.1). This is also reflected 

to the experimental and computed Stokes shifts presented in Table 10.3. While the Stokes shifts 

in the case of SMS, SLA and CLA range between 500 – 1000 cm-1, in the case of BMS they 

are larger than 2500 cm-1. The bandwidth of the computed emission spectrum in accordance 

with the experimental one and is also increased (FWHM(BMS) = 90 nm~1990cm-1) in 

comparison to the observed and computed bandwidths in SMS, SLA and CLA. This is due to 

the non-rigid nature of the transition, in which vibrations within the host ligand framework 

participate and apparently dominate the band broadening mechanism. This is also supported 

by the computed fluorescence rates and relaxations times presented in Table A. 2. As seen at 

the Frank-Condon approximation and upon applying Herzberg–Teller corrections in the case 

of BMS the computed fluorescence rates are > 3 orders of magnitude smaller while the 

respective relaxation times are about 5 orders of magnitude larger in comparison to the other 

phosphors reflecting a different relaxation pathway. Nevertheless, these relaxation times at the 

fluorescence time frame are very small and cannot be safely used to define rigidity. 

 

 

Figure 10.10. a) BMS experimental (black), calculated TD-DFT/PBE0 absorption (blue, light 

blue) spectra and experimental (brown), TD-DFT/PBE0/ESD calculated (red) emission 

spectra. b) NTO analysis of the relevant bands in absorption spectra and c) the 1st transition 

responsible for emission upon relaxation. 
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It should be noted that one of the most commonly used quantities to define rigidity and 

thermal quenching is the Debye temperature.[429, 430] The Debye temperature although it is 

a proxy of rigidity is not always predictive of thermal quenching.[431, 432] A more valid 

quantity is the Huang–Rhys factor S which is a measure of the strength of the electron-phonon 

coupling in the emission process.[364, 433, 434] In fact along the study set the computed 

Huang–Rhys factors presented in Table A. 1 follow the trend of the energy separation of the 

MLCT band. In particular, small Huang–Rhys factors that are indicative of structural rigidity 

of excited (emissive) state compared to ground state and are associated with large MLCT band 

separation reflecting a higher thermally stable phosphor. 

To conclude this part, we have developed in this section a computational protocol that is 

able to relate the emission bandwidth of the nitride phosphors to the nature of the single 

electron decay that dominates the emission process from the first excited state that is reached 

in the absorption spectrum. In the next section, we will apply this protocol to characteristic 

examples from the oxonitride and the oxide families of phosphors, namely SALON and SLBO. 

10.7.2. Oxynitride and oxide phosphors 

In the case of SALON, the computed versus experimental absorption and fluorescence spectra 

are visualized in Figure 10.11. As seen, the agreement between theory and experiment is once 

again very good, thus allowing a quantitative analysis of the experimentally observed spectral 

features. The absorption spectrum is consisting of five bands which according to NTO analysis 

all involve valence Eu	4f⟶ Eu	5d single electron excitations, namely Eu	4f°±² → Eu	5dq" 

(band 1), Eu	4f²5 → Eu	5dq" (band 2),  Eu	4f°±² → Eu	5d9"+:" − N/O	2p (band 3, band 4), 

and Eu	4f°²"/±²" 	 → Eu	5d9:/9q/:q − N/O	2p (band 5) single electron excitation contributions. 

Similar to SMS the emission process involves an electron decay from a non-bonding Eu 5d²"  

orbital to an isolated Eu 4fxyz orbital, with practically negligible vibronic interaction with the 

lattice environment. Again, the rigid nature of the transition is the reason of the observed 

narrow bandwidth emission (FWHM = 46 nm /1220 cm-1). As described above, band 5 has 

significant MLCT character. Hence, in SALON, excluding Band 4 due to its very weak 

intensity compared to other bands, the energy separation between the valence bands (1,2,3) and 

the MLCT band (5) (~10000 cm-1, ~1.0 eV) is associated with an observed high thermal 

stability.   
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Figure 10.11. a) SALON experimental (black), calculated TD-DFT/PBE0 absorption (blue, 

light blue) spectra and experimental (brown), TD-DFT/PBE0/ESD calculated (red) emission 

spectra. b) NTO analysis of the relevant bands in absorption spectra and c) the 1st transition 

responsible for emission upon relaxation. 

 

As a final example we discuss the case of blue emitting SLBO. The computed versus 

experimental absorption and fluorescence spectra are visualized in Figure 10.12. According to 

NTO analysis, the absorption spectral features are dominated by the valence Eu	4f°±² →

Eu	5d9"+:" (band 1) and Eu	4f°²"/±²" → Eu	5d9"+:" 	(band 2) single electron excitations. 

Under 𝐶� truncated square bipyramidal coordination environment of the EuO8 building units 

the manifold of the f orbitals remains compact. This results in a blue shift of all the absorption 

bands in comparison to all other phosphors which adopt distorted cubic EuN8 or EuN4O4 

building units. In addition, in such coordination environment around the Eu2+ center the 

Eu	5d°&+±& MO remains essentially non-bonded. Once again, the rigid nature of the 

	Eu	5d9"+:" → 	4f°±²  transition is the reason of the observed narrow bandwidth emission 

(FWHM = 25 nm/1220 cm-1). This also results in the smallest experimental and calculated 

Stokes shift (Table 10.3) across the series validating the blue shift in the observed emission 

spectrum. Likewise, to SLA and SALON, SLBO shows high thermal stability which is 

consistent with the absence of MLCT absorption bands in the region 25000-30000 cm-1. One 

can conclude that as long as valence and MLCT bands are separated by more than 0.3 eV a 

thermally stable phosphor should be expected. 
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Figure 10.12. a) SLBO experimental (black), calculated TD-DFT/PBE0 absorption (blue, light 

blue) spectra and experimental (brown), TD-DFT/PBE0/ESD calculated (red) emission 

spectra. b) NTO analysis of the relevant bands in absorption spectra and c) the 1st transition 

responsible for emission upon relaxation. 
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10.8. Definition of geometrical versus covalency descriptors  

Up to this point of analysis, we have described a computational protocol that provides actual 

computation of the absorption and emission spectra of a study set of phosphors accompanied 

by a thorough electronic structure analysis of all the observed spectral features. The protocol 

has high predictive ability and is able to explain the energy position and the bandwidth of all 

the experimentally observed absorption and emission bands. Hence it serves as a powerful 

analytical tool in the design and synthesis of new phosphors for analyzing or even predicting 

the spectroscopic response of known or newly synthesized candidate phosphors. In the same 

direction it is also desirable to define descriptors, which could aid the experimental synthesis 

of candidate phosphors without the need of employing such elaborate calculations in each and 

every design idea that arrives on the synthesis table. In this sense a successful definition of 

descriptors may play a pre-screening role across a massive selection of candidate phosphors 

towards only those that fulfill the design criteria. 

In the Appendix A.1, a number of commonly employed descriptors are discussed. It is 

demonstrated that the energy distribution as well as the intensity mechanism of the absorption 

and emission process in phosphors goes beyond the geometrical characteristics of the first and 

second coordination spheres. In contrast, experimental optical band gaps have been employed 

in order to find linear relationships between absorption and emission energy maxima defining 

emission color descriptors in a large set of phosphors.[364, 435] However, for a given material 

the band gap energies are closely related to the type of the employed experimental 

spectroscopic measurement, the experimental conditions, as well as the experimental 

resolution. Hence typically for a given material the experimental band gap energy variations 

range between 0.5 to 1 eV and can reach up to 2-3 eV (e.g. in inorganic semiconductors).[84] 

These variations might not always be systematic rendering the definition of experimental band 

gap energies within a narrow energy window for every candidate-studied system a difficult 

task. In an alternative scenario the calculated band gap energies can be used, provided that the 

employed methodology is carefully calibrated. 

 It was shown above that the computed PBE0/TD-DFT band gap energies of the SMS and 

CLA host structures are deviating from experiment and reference DLPNO-STEOM-CCSD 

calculations by about 0.5-0.8 eV while the computed PBE0/TD-DFT absorption spectra are in 

very good agreement with respect to the experimental absorption spectral for all the studied 

phosphors. Hence in a subsequent step we investigate the relation of the computed PBE0/TD-
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DFT absorption energy maximum of band 1 (corresponding to the band gap energy) with 

respect to the experimental emission maximum across the study set of the phosphors (Figure 

10.13a). An excellent linear relation is observed, thus defining a direct emission color 

descriptor across the study set of the phosphors. The advantage of using computed over 

experimentally determined optical band gaps is the resolution of the computed band 1 which 

allows the better definition of the linear relation. At the PBE0/def2-TZVP TD-DFT level the 

resulting linear relation reads: 

Experimental	Emission	Max(cm+')

= 0.9334 ∗ Calculated		Absorption	Band	1	Max(cm+')

− 419.04(cm+')								 

(10.1) 

 

In the previous Section 10.7, it was shown that the bandwidth of the emission band is 

directly related to the rigidity of the dominating emission process single electron decay. In 

particular, the non-bonding or the anti-bonding character of the acceptor Eu 5d MO reached by 

the absorption process and dominate the respective emission process seems to play a crucial 

role in the intensity mechanism of the narrow band phosphors. As a measure of this rigidity, 

we define the coefficient 𝛼& of the Eu 5d based MO. Of course, these MO coefficients are not 

a direct measure of “rigidity”. However, they are a helpful description in this context as they 

measure the degree of involvement of the Eu center in a covalent bond with its ligands. If there 

is a degree of covalency in this bond, this also means that there will be a structural distortion 

upon population or depopulation of the relevant bonding or antibonding orbitals. This is giving 

rise to a structural distortion relative to the ground state, which results in the possibility of a 

vibronic progression that will in turn broaden the emission band. Thus, as the Eu 4f based MOs 

remain essentially non-bonding, the critical quantity is the covalency of the 5d-MO that gets 

populated in the electronically excited state.  

Similar covalency measures have been correlated to a number of spectroscopic properties 

like metal and ligand hyperfine couplings and zero field splittings in electron paramagnetic 

resonance (EPR), ligand K-edges in X-ray absorption spectroscopy and ligand to metal charge 

transfer (LMCT) intensities.[150, 436, 437] In Figure 10.13 b, the linear relation between the 

experimental emission bandwidth and the Eu 5d coefficient 𝑎& of the acceptor NTO 

participating in the emission process is visualized. As is seen the non-bonded acceptor NTO in 
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SMS, SLA and SLBO obtain 𝛼& values that are about ~1. The increased anti-bonding character 

of the acceptor NTO in SALON and CLA reduces the 𝛼& to values that range between 0.8-0.9 

while they drop to values below 0.6 in the case of BMS in which the acceptor NTO is a ligand 

based orbital. As a result, a linear relationship can be identified between the experimental 

emission bandwidth (in cm-1 units) and the computed Eu 5d 𝑎& which at the PBE0/def2-TZVP 

TD-DFT level reads: 

Experimental	Emission	FWHM(cm+') = −2530.7 ∗ Eu	5d	𝛼& + 3638.4(cm+')	 (10.2) 

 

 

 

Figure 10.13. a) Experimental emission Max (cm-1) as a function of PBE0 TD-DFT computed 

absorption Max (cm-1) of Band 1. b) Experimental emission bandwidth (cm-1) as a function of 

the covalency coefficient 𝛼& of the acceptor Eu 5d MO in the emission process for SMS (green 

cycle), BMS (brown cycle), SLA (orange cycle), CLA (blue cycle), SALON (red cycle) and 

SLBO (purple cycle). The red dotted line displays a linear regression. 
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Hence, according to the discussion above for a candidate Eu2+ phosphor one only needs to 

perform a conventional TD-DFT calculation in order to estimate the energy position of the 1st 

absorption band as well as the Eu	5d	𝑎& coefficient from an accompanied NTO analysis on this 

band. This will provide a robust prediction of the expected color and bandwidth of the emission 

spectrum of the candidate Eu2+ phosphor. 

10.9. Summary and Conclusions 

In this Chapter, a computational protocol was developed for the first time, that is able to predict 

the energy position, the shape and the bandwidth of the absorption and emission spectra of Eu2+ 

doped phosphors. For this purpose, a study set of well-known Eu2+ doped nitride, oxonitride 

and oxide phosphors was chosen, namely Sr[Mg3SiN4]:Eu2+ (SMS), Ba[Mg3SiN4]:Eu2+ 

(BMS), Ca[LiAl3N4]:Eu2+ (CLA), Sr[LiAl3N4]:Eu2+ (SLA), Sr[Al2Li2O2N2]:Eu2+ (SALON) 

and SrLi2[Be4O6]:Eu2+ (SLBO). This set of phosphors contains a broad variety of energy shifts 

of the absorption and emission spectral features as well as the emission bandwidths. The 

construction of cluster models was performed in the framework of the embedded cluster 

approach. The size of the designed cluster models converged rapidly with respect to the band 

gap of the host ligand families computed at the STEOM-DLPNO-CC and TD-DFT levels of 

theories as well as the absorption spectra shapes computed at the TD-DFT level of theory.  

Prior to the spectra computations a detailed geometrical and electronic structure analysis 

was performed which helped to identify those factors which influence the intensities and the 

energy distribution of the absorption and emission spectra in terms of  

1) crystal field strengths,  

2) the coordination environment around the Eu centers,  

3) the Stokes shift variations and  

4) the nature of the single electron excitations or electron decays dominating the 

absorption and emission processes.  

In a next step, the shapes of the absorption and the fluorescence spectra of the family of the 

chosen Eu2+ doped phosphors were computed at the TD-DFT level in the framework of the 

excited state dynamics (ESD) approach. The excellent agreement between theory and 

experiment allowed a quantitative electronic structure analysis in the framework of natural 

transition orbitals analysis. It was shown that the energy position and the bandwidth of the 

emission band are influenced by the rigidity of the electron decay processes dominating the 
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emission spectral feature. In particular the non-bonding character of the acceptor Eu 5d NTO 

is responsible for the narrow band emission and the small Stoke shifts of the emission bands in 

SMS and SLBO. On the contrary as the anti-bonding character of the acceptor Eu 5d NTO 

increases (the cases of SLA, CLA and SALON) the bandwidth as well as the Stokes shift of 

the emission band increases. In BMS the ligand based anti-bonding σ*(Si-2s, N-2p) MO is 

stabilized below the Eu-5d MOs. As a result, the rigidity of the electron decay dominating the 

emission process is altered, leading to an increase in both the emission bandwidth and the 

Stokes shift. The effect is strong and is able to overcome the expectations from the crystal field 

strength. As a result, a red shift broad emission spectrum is observed. It should be mentioned 

that such broadening effects owning the low-lying MLCT transitions are also referred to as 

“trapped exciton emission” or “anomalous emission” and have been observed in other 

phosphor materials.[438] As a measure of the thermal stability of the studied Eu2+ doped 

phosphors the energy separation between the valence and MLCT absorption bands was defined. 

In principle an energy separation that are above 0.3 eV point to thermally stable Eu2+ doped 

phosphors as in the case of SLA, SALON and SLBO. The above-presented protocol was found 

to perform equally well in all the studied phosphors. Hence, in a final step of the analysis it 

was employed to identify a uniform set of descriptors that are able to estimate both the energy 

position and the bandwidth of the emission bands of newly designed Eu2+-doped candidate 

materials. It was found that the energy position of the 1st computed band relates linearly with 

the energy position of the experimental emission band. While analysis of the nature of the one 

electron excitation dominating this band revealed that the covalency coefficient Eu	5d	𝑎& 

relates also linearly with the bandwidth of the emission band. We foresee that it will be possible 

in the future to employ these descriptors for pre-screening large datasets of Eu2+-doped 

phosphor candidates for application in LEDs. 

However, the question arises: are the proposed protocol and descriptors universally 

applicable to other types of Eu2+-doped phosphors? This is the focal point of investigation and 

validation in the upcoming chapter. 
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11 Luminescence in Narrow-band Eu2+-doped 
Phosphors bearing Multiple Candidate Eu2+ doping 
centers – Extending and Validation of the Proposed 
Protocol and Descriptors 
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DOI: 10.1039/D3CP06039J 

11.1. Introduction 

In Chapter 10, a comprehensive computational protocol has been introduced, which is 

carefully designed to predict the absorption and emission spectral shapes of Eu2+-doped 

phosphors, with a focus on nitride/oxynitride/oxide UCr4C4-based phosphors containing a 

single Eu doping center. This protocol, based on the embedded cluster approach and operated 

in the framework of TD-DFT in conjugation with ESD approach, provided valuable insights 

into the photoluminescence behavior of these phosphors. Descriptors linking band gap energy 

and covalency of excited state orbitals to the color and linewidth of the emission band were 

extracted, demonstrating the protocol's efficacy.  

Building upon this foundation, the objective of this chapter is to extend the applicability of 

our computational protocol to a considerably progressing class of Eu2+-doped phosphors, 

which encompasses materials bearing multiple candidate Eu doping centers. In doing so, a set 

of UCr4C4-based narrow-band Eu2+-doped phosphors is selected, including the 

nitridolithoaluminate CaBa[Li2Al6N8]:Eu2+ (CBLA2), the alkali lithosilicates 

RbNa3[Li3SiO4]4:Eu2+ (RNLSO) and RbNa[Li3SiO4]2:Eu2+ (RNLSO2). This extension of our 

computational protocol represents a crucial step towards a more comprehensive and systematic 

understanding of luminescent phosphor materials. The aim is to show and prove the generality 

of the proposed protocol and descriptors for Eu2+-doped phosphors. The investigation of these 
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complex phosphor systems is promising for enhancing tunability and pave the way for 

achieving desirable photoluminescence properties for various applications. 

Across the study set the most probable center for Eu2+ doping is identified at the couple 

cluster (CC) level of theory, employing the domain local pair natural orbitals couple cluster 

singles and doubles with perturbative triples (DLPNO-CCSD(T)) method, in conjunction with 

local energy decomposition analysis (LED).  

Prior to the spectra computation, a set of DFT functionals consisting of various DFT families 

is evaluated for their ability to predict the band gap energies of 

1) the undoped host structures against available experimental data and excited state CC 

computations employing the similarity transform DLPNO-CCSD (STEOM-DLPNO-

CCSD) level of theory. 

2) the Eu2+-doped structures against CASSCF/NEVPT2 method, accounting for spin-

orbital coupling (SOC) effect. 

This due to the critical role of the lowest excitation band of the Eu2+-doped phosphors in 

determining emission band characteristics,[80]  as elucidated in the preceding chapter. Notably, 

neglecting SOC is a valid approximation when analyzing emission band characteristics within 

the scope of coarse structure. However, as it was discussed in Chapter 9 and will be further 

investigated in Chapter 13, SOC plays a pivotal role in understanding the mechanisms 

governing emission intensity in such phosphors and in fine tuning the emission band 

broadening. Hence, overall hybrid functionals show the best performance in computing the 

band gaps in both steps. In particular, PBE0 shows the best agreement between theory and 

experiment, then it is chosen for the production calculations. 

This chapter demonstrates that the extended computational protocol has proven its 

effectiveness in predicting the optical properties of Eu2+-doped phosphors, demonstrating 

excellent agreement with experimental data. Additionally, the previously established 

descriptors, which accurately forecast the color and bandwidth of Eu2+-doped phosphors, 

generally hold to find broad applicability in phosphor materials of apparently almost arbitrary 

complexity. Moreover, it represents a significant advancement toward a more comprehensive 

understanding and design of luminescent materials.  

Indeed, the inclusion of multiple candidate Eu doping centers in the study set further 

enhances the protocol's applicability, opening up new avenues for systematic exploration of 

photoluminescence properties in a broader range of phosphor materials. By elucidating the 
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intricate relationships between electronic structure, emission behavior, and spectral properties, 

this research contributes to the progress of luminescent materials science and its diverse 

technological applications. These findings are of paramount importance as they offer new 

opportunities to control tunability and achieve tailored photoluminescence properties, inspiring 

the design of novel phosphor materials with unique optical characteristics.  

11.2. Study set of Phosphors and Geometrical Properties 

Three well-known Eu2+-doped UCr4C4-based phosphors are selected to consist the study set on 

the basis of the following criteria.  

1) They are emitting in the wide range between infrared, red, cyan and blue range of the 

optical spectrum, 

2) They contain multiple candidate doping centers available for the Eu2+ activator ion in a 

variation of coordination environments and  

3) They show a variation of emission signals containing a single or multiple bands that show 

up at various energies and intensities.   

In particular, the study set consists of the red and near-infrared emitting Eu2+-doped 

nitridolithoaluminate phosphor CaBa[LiAl3N4]2:Eu2+, abbreviated as (CBLA2:Eu2+)[124] and 

is completed by the blue and cyan emitting Eu2+-doped alkali lithosilicate phosphors 

RbNa3[Li3SiO4]4:Eu2+ (RNLSO:Eu2+)[331] and RbNa[Li3SiO4]2:Eu2+ (RNLSO2:Eu2+)[330]. 

The molecular structures are visualized in Figure 11.1. RNLSO adopts the tetragonal (I4/m) 

space group while CBLA2 and RNLSO2 crystalize in the monoclinic (C2/m) space group. All 

host crystal structures adopt a rigid UCr4C4 structure type with highly condensed tetrahedra 

networks built by vertex- and edge-sharing tetrahedra. Namely, (Al/Li)N4 nitride tetrahedra in 

CBLA2 and (Si/Li)O4 oxide tetrahedra in both RNLSO and RNLSO2. The tetrahedra network 

forms vierer-ring channels, which could be empty or filled with cations ((Ca2+/ Ba2+) or (Na+/ 

Rb+)). These cations form nitride (Ca2+/ Ba2+)N8 or oxide (Na+/ Rb+)O8 cuboids, respectively. 

In RNLSO2 and CBLA2, the occupied channel has only one type of cation, hence along the 

principle symmetry rotation axis cuboid sequences are formed with (Rb+--- Rb+--- Rb+, Na+--- 

Na+--- Na+), (Ba2+--- Ba2+--- Ba2+ and Ca2+--- Ca2+--- Ca2+) central cations building units, 

respectively. In contrast, in the case of RNLSO, Na1+ and Rb+ are alternating in the same 

channel forming cuboid sequences with Na1+--- Rb+--- Na1+ (or equivalently Rb+--- Na1+--- 

Rb+) central cation building units as well as Na2+--- Na2+--- Na2+ ones. In CBLA2, two 
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different double chains can be distinguished, one composed solely of AlN4 tetrahedra and one 

composed of one einer single chain of AlN4 tetrahedra and one einer single chain of LiN4 
tetrahedra. 

In Figure 11.1, the probable cation sites for Eu2+ doping are highlighted. The selection of 

the doping sites are based on 1) the similarity of their  ionic radii (𝑟) with Eu2+ [332] and 2) 

their suitability for Eu2+ doping in a host environment that minimizes the steric effects[18, 80]. 

In fact, as seen in Table 11.1, Eu2+ doping at Ca2+ and Na+ is expected to form strained EuL8 

(L is N3-/O2-) cuboids with ∆r³¨"9+´®"9 = −0.19 Å and ∆rµ¨9+´®"9 = −0.07 Å and EuL8 

cuboid volume that varies between 29.5 Å3 and 30.1 Å3. On the contrary, Eu2+ doping at Ba2+ 

and Rb+ is expected to form rather relaxed EuL8 cuboids with ∆r¶¨"9+´®"9 = 0.10 Å and 

∆r��9+´®"9 = 0.36 Å and EuL8 cuboid volume that varies between 37.6 Å3 and 40.5 Å3. In 

particular, the Eu2+-doped CBLA2 phosphor has two candidate doping centers at Ca2+ and Ba2+ 

positions. RNLSO phosphor has three candidate doping centers at Na1+, Na2+ and Rb+ 

positions. Finally, RNLSO2 phosphor has two candidate doping centers at Na+, and Rb+ 

positions. 

 

Figure 11.1. The crystal structure and the space group of the studied phosphors’ hosts: RNLSO, 

RNLSO2, and CBLA2. The probable cationic doping site for each structure, together with the 

most important bond lengths, and symmetry labels around the probable sites are also provided. 

Atom colors: Rb (dark red), Na (yellow), Ca (light green), Ba (deep green), Si (dark gray), Al 

(yellowish pink), Li (pink), N (blue), O (red). 
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Table 11.1. Structural and geometrical information of selected phosphors including the host 

crystal space group, cuboid ML8, (L = N or O) at the different candidate doping centers for 

CBLA2 (M=Ba2+ or Ca2+), RNLSO (M=Rb+, Na1+ or Na2+) and RNLSO2 (M=Rb+ or Na+) 

in terms of (Mm+)  ion ionic radius 𝒓 and in parentheses (𝚫𝒓), all in Å. 𝚫𝒓 is the difference in 

ionic radii between replaced ion Mm+ and Eu2+,	where,	the ionic radius of Eu2+	=1.25 Å at 

cuboid 8-fold coordination.[332] In addition to average M/Eu-L bond distances and the first 

coordination shell cationic compositions.  

Phosphor 
Host 

Crystal 
Space 

Doping 
Site 

(Mm+) 

𝑟[332] 
(Δ𝑟) 
(Å) 

L 

(Avg.) 
M/Eu-L 

bond 
distance 

(Å) 

Volume 
of ML8 
cuboid 

(Å3) 

First shell 
cations 

CaBa[Li2Al6O8]:Eu2+ 

CBLA2 𝐶2/𝑚 

Ba2+ 1.35 
(+0.10) N 2.90 37.60 [Li4Al4]16+ 

Ca2+ 1.06 
(-0.19) N 2.70 29.50 [Al8]24+ 

        

RbNa3[Li3SiO4]4:Eu2+ 

RNLSO 𝐼4/𝑚 

Rb+ 1.61 
(+0.36) O 3.00 40.00 [Li8]8+ 

Na1+ 1.18 
(-0.07) O 2.70 30.17 [Li8]8+ 

Na2+ 1.18 
(-0.07) O 2.60 30.61 [Li4Si4]20+ 

        

RbNa[Li3SiO4]2:Eu2+ 

RNLSO2 𝐶2/𝑚 

Rb+ 1.61 
(+0.36) O 3.00 40.50 [Li4Si4]20+ 

Na+ 1.18 
(-0.07) O 2.60 29.45 [Li8]8+ 

 

 

As shown in Figure 11.1, CBLA2 is isotypic to RNLSO2, hence Eu2+ doping at Ca2+ and 

Ba2+ centers form compressed and elongated EuN8 cuboids of C2h symmetry with average bond 
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distances of (Ca/Eu)-N 2.65-2.75 Å and (Eu/Ca)-Ca 3.30 Å while, (Eu/Ba)-N 2.83-2.96 Å and 

(Eu/Ba)-Ba is 3.31 Å. These cuboids deviate by only 1-2% from ‘ideal’ D4h symmetry. In the 

case of RNLSO Eu2+ doping at Na1+ or Rb+ centers form compressed and elongated EuO8 

cuboids of C2h symmetry respectively with average bond distance of (Na1/Eu)-O ~ 2.71 Å, 

(Rb/Eu)-O ~ 3.01 Å. In contrast, Eu2+ doping at Na2+ centers forms compressed cuboids of D2d 

symmetry with (Na2/Eu)-O 2.45-2.75 Å. Similarly, in the case of RNLSO2 Eu2+ doping at Na1+ 

or Rb+ centers form compressed and elongated EuO8 cuboids of C2h symmetry respectively 

with average bond distance of (Na/Eu)-O 2.55 Å and (Rb/Eu)-O 3.00 Å. In this system, Rb+ 

ions are not perfectly aligned in straight lines, reducing the possible inter cubic Eu2+	-	Rb+ 

interactions. 

 

11.3. Experimental Results 

The experimental absorption and emission spectra of the nitride (CBLA2)[124] and oxide 

(RNLSO and RNLSO2)[330, 331] Eu2+-doped phosphors are shown in Figure 11.2. The 

absorption spectra show broad bands and shift towards higher energies in the sequence CBLA2 

(15000-25000 cm-1) to RNLSO2 (22000-40000 cm-1), and RNLSO (24000-40000 cm-1). Upon 

applying a laser excitation all studied cases show a main emission narrow band that shifts also 

towards higher energies in the same sequence.  

In particular, CBLA2:Eu2+ upon excitation with a 444 nm laser, exhibits an intense, narrow 

red emission band at 639-636 nm (15650−15723 cm-1) with FWHM 48-57 nm (~1095-1266 

cm-1) and a weak broad infrared (IR) emission band at 790 nm (12660 cm-1) and FWHM ~89 

nm (~1430 cm-1). The intensity of the later band improves with increase of the Eu2+ doping 

concertation. The two bands have been assigned to emission from Eu2+-doped centers at Ba2+ 

and Ca2+ positions, respectively.[124] On the contrary, RNLSO:Eu2+ upon excitation with a 

400 nm laser exhibits a unique narrow blue emission band at 471 nm (21230 cm-1) with FWHM 

22.5 nm (~1015 cm-1).[331] In the case of RNLSO2 two bands show up when a variety of 

excitation lasers in the 400 nm region is employed.[330] A high intensity narrow green 

emission band at 523 nm (19120 cm-1) with FWHM 40 nm (~1465 cm-1) shows up. A second 

weaker intensity cyan emission band shows up at higher energies (472 nm, 21185 cm-1). These 

bands have been ascribed to Eu2+-doped centers at Na+ and Rb+ positions, respectively, while 
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it has been shown that their relative intensity varies with the Eu2+ doping concentration at the 

Na+ and Rb+ positions.[331, 439] 

 

Figure 11.2. Experimental emission (left) absorption (right) spectra of Eu2+-doped phosphors 

with multiple doping centers (RNLSO in solid blue, RNLSO2 in solid dark-cyan and CBLA in 

solid dark-magenta) compared with previously studied very well-known phosphors (nitride 

SLA phosphor in doted red, and oxide SLBO phosphor in doted navy-blue). 
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similar absorption spectra and emission spectra[80] it has been recently shown that at low 

temperature they provide unique emission bands signatures in the vibrationally resolved 

emission spectrum.[440] These phosphors define the lower and upper boundaries of a range of 

Eu2+doped phosphors in which the crystal field strength as well as the Eu/ML8 cuboid 

compression is increasing.[80] It should be noted that the actual bottom boundary in the Eu2+-

doped phosphors is defined by the narrow band red emitting Ca[LiAl3N4]:Eu2+ (CLA: Eu2+) 

phosphor.[326]  As seen the CBLA2: Eu2+ emission spectrum is blue shifted by +300 cm-1 with 

respect to the SLA:Eu2+	one, showing similar bandwidth range, FWHM~50 nm (1090 cm-1). 

Likewise, the RNLSO:Eu2+ emission spectrum is red shifted by 700 cm-1 with respect to the 

SLBO:Eu2+ one, showing  again a similar bandwidth range in the ultranarrow band regime, 

FWHM~22-25 nm (1010-1220 cm-1). RNLSO2 lies in between the above described cases 

indicating that complex phosphors with multiple candidate doping centers might still show 

linear property characteristics like the single doping center phosphors. 

To conclude this part, while RNLSO:Eu2+ show unique blue emission band. RNLSO2:Eu2+ 

show a predominant cyan emission band and a higher energy and weaker intensity blue 

emission bands that are tunable by the excitation laser (compare experimental single and 

multiple peaks emission bands of spectra shown in Figure 11.10 and Figure 11.11, 

respectively). The isotypic to RNLSO2:Eu2+, CBLA2:Eu2+ show besides the main red emission 

band a broad IR band. In principle the presence of a second or multiple bands besides the main 

emission band is undesirable in the novel phosphors design efforts as they may reduce 

effectively their brightness, performance and efficiency. While in the case of  RNLSO2:Eu2+ 

the higher energy, second weaker intensity blue emission band is tunable by the choice of the 

laser excitation energy, [330] the IR band in CBLA2:Eu2+ can only be suppressed at low Eu2+ 

doping concentrations. [124] This emphasizes the urgent need for advancing the information 

content of the emission intensity mechanism in these materials. The next sections are dedicated 

to a non-standard routine computational strategy towards designing phosphors with desired 

photoluminescence properties. 
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11.4. Electronic Structure Analysis. Insights into the Emission 
mechanism of multiple doping centers 

The electronic structure principles that determine the emission properties of Eu2+-doped 

phosphors have been previously discussed in detail in Section 9.4. Here, we will briefly 

recapitulate them and expand the discussion to cover multiple doping centers. 

As shown in Scheme 9.1, The free Eu2+ ion has a very stable octet ground state with a half-

filled f-shell (GS) 8S7/2 (4f75d0). Upon excitation, an electron is excited to the empty 5d orbitals 

via spin-conserving one-electron excitations 8S7/2 (4f7) ⟶ F	� ⨂ D	&  (4f65d1). While these 

transitions are located at somewhat high energies, (e.g. the atomic spectroscopic 8H term 

(4f65d1) is located at about 4.2 eV), they are both parity and spin allowed. Hence, these are 

intense transitions that are highly tunable by the environment given the strong interaction of 

the outer 5d-orbital shell with the ligand framework.[80]  

When Eu2+ is doped in 8-fold coordinated host environments, in accord with Hund’s rule 

the interelectronic repulsion stabilizes the highest multiplicity (2S+1=8) excited state 

multiplets of the 4f65d1 configuration over the 2S+1=8 4f75d0 ground state multiplets. In 

addition, the cubic ligand field splitting will lift the degeneracy of the 4f and 5d orbitals in an 

inverted octahedral order (Δcubic = -8/9ΔOh) leading to a ground state electron configuration 

*t&®j 	t'®j 	a&®' 		e¯*t&¯* , of the (4f75d0) shells. Further distortions towards tetragonal/trigonal ligand 

fields will lift any remaining orbital degeneracies and consequently the ground and excited 

state degeneracies. As has been explored in detail here[80] and in preceding chapter, quantities 

like the ligand field splitting, band gap energies and Stokes shifts are important quantities of 

the absorption and emission processes as they can be employed to determine the energy 

position and the bandwidth of the different spectral features.  

Within the 1-electron picture these quantities can be collectively represented by the ligand 

field splitting ΔE·¸ and the f-d energy separation ΔEu¹ and Stokes shift ΔE¬. As shown in detail, 

in Figure 11.3 and Figure 11.4, across the study set a collection of Eu(N/O)8 cuboids may form 

at the various doping positions. All the cuboids are distorted from the ideal cubic symmetry 

which significantly affects the nature of the involved absorption and emission processes. 

In the case of CBLA, doping at Ba2+	center forms a tetragonally elongated (D4h) EuN8 

cuboid. This leads to absorption and emission processes consisting from the z-polarized dipole 

allowed  Eu	4fqj ↔ Eu	5dq& electron transitions and decays. In contrast, doping at Ca2+ center 
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leads to a strongly tetragonally compressed (D4h) EuN8 cuboid (Table 11.1). As shown in Table 

A. 3, in comparison to the tetragonally elongated cuboids the ΔE·¸ is increased while the ΔEu¹ 

is decreased rather strongly leading to red-shifted absorption and emission processes consisting 

from the dipole forbidden Eu	4f9:q ↔ Eu	5d9&+:& electron transitions and decays. This is not 

surprising as in fact the color of the phosphors is associated by the predominant Eu− 4f ↔

Eu− 5d transition.[80] 

A similar picture is observed in the case of RNLSO:Eu2+ and RNLSO2:Eu2+ when Eu2+ is 

doped at Rb+ and Na1+/Na+ positions. In particular, doping at Rb+ positions forms tetragonally 

elongated (C2h) EuO8 cuboids. This leads to absorption and emission processes consisting from 

the z-polarized dipole allowed  Eu	4fqj ↔ Eu	5dq& electron transitions and decays. In contrast, 

doping at Na1+/Na+ positions leads to tetragonally compressed (C2h) EuO8 cuboids. Once again 

in comparison to the elongated EuO8 cuboids the ΔE·¸ is increased while the ΔEu¹ is decreased, 

as shown in Table A. 3, leading to red-shifted absorption and emission processes consisting 

from dipole allowed Eu	4f9:q ↔ Eu	5d9&+:& electron transitions and decays. In the case of 

RNLSO:Eu2+ when Eu2+ is doped at Na2+ position a tetragonally compressed (D2d) EuO8 

cuboid is formed. In comparison to the tetragonally compressed (C2h) EuO8 cuboids when Eu2+ 

doping occurs at the Na1+ positions the ΔE·¸ and ΔEu¹ are further increased and decreased, 

respectively, as shown in Table A. 3.  

As a result, further red-shifted absorption and emission processes are observed which 

consist however of dipole forbidden Eu	4f9:q ↔ Eu	5d9&+:& electron transitions and decays 

(Figure 11.3). 

Qualitatively, the above analysis suggests that the blue-shifted main intensity band as well 

as the red-shifted low intensity band of CBLA:Eu2+ originates from Eu2+ doping at Ba2+ and 

Ca2+ position, respectively. Similarly, in the case of RNLSO:Eu2+ and RNLSO2:Eu2+ emissions 

are expected to increase in energy in the sequence of the  Na2+, Na1+ and Rb+ doping positions. 

Among them the Na2+ positions are the least probable as they are associated with dipole 

forbidden transitions (Figure 11.4).  
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Figure 11.3. Molecular orbital diagram of the study set of phosphors in which the Eu2+-doped 

centers at the Ca2+, Ba2+, Na+ or Rb+ form Eu(N/O)8 cuboids of distorted cubic coordination 
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environments a) D4h for CBLA:Eu2+  and b) C2h for RNLSO:Eu2+ and RNLSO2:Eu2+. The 

involved electronic transitions consisting the absorption and emission processes are adopted 

with the 1-electron picture. Blue and red arrows indicate the most important absorption and 

relevant emission processes, respectively. Dotted arrows indicate dipole forbidden transitions. 

ΔE·¸, ΔEu¹	and	ΔE¬,	 represent the ligand field splitting of Eu 5d, the energy separation 

between barycenters of Eu 4f-5d manifolds, and the expected Stocks shift, respectively. 

 

 

Figure 11.4. Molecular orbital diagram of the case of RNLSO:Eu2+ in which the Eu2+-doped 

at the Na2+ positions  form D2d tetragonally compressed  EuO8 cuboids. The involved electronic 

transitions consisting the absorption and emission processes are adopted with the 1-electron 

picture. Solid and blue arrows indicate the most important absorption processes. Red arrows 

indicate the relevant emission processes. Dotted arrows indicate dipole forbidden transitions. 
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11.5. Computational Details 

Since this research is an extension to the computational protocol that is previously 

introduced in Chapter 10, Sections 10.4-10.5. So, in this work, for the new class of Eu2+-

doped phosphors, we will use the same computational methods, procedure. So, the most 

important points are only highlighted. 

• All calculations were performed employing the ORCA 5.0 suite of programs.[354, 355, 

411, 412] Crystal structures’ coordinates of new hosts (CBLA2, RNLSO2, RNLSO) 

were taken from the crystallographic data,[124, 330, 331] refined based on the 

experimental crystallographic X-ray diffraction. 

• The optical band gap of the host structures were calculated utilizing STEOM-DLPNO-

CCSD[416, 417] as well as TD-DFT[237] methods.  In the latter, a collection of  DFT 

functionals were chosen, belonging to the GGA: PBE,[226] hybrid: PBE0,[227, 234, 

235] range separated hybrid: CAM-B3LYP,[441] double hybrid: B2PLYP,[236] and 

range separated double hybrid: ωB2PLYP[442] families. 

• TD-DFT, employing the same mentioned functionals were employed to compute the 

band gap energies of the Eu2+-doped structures. 

• As we will see later, PBE0 functional give best result for calculation band gap of both 

host and doped structures. The Eu2+ doping energies at different candidate sites were 

computed at DFT/PBE0 and DLPNO-CCSD(T) levels of theory.[201, 205, 443] 

DLPNO-CCSD(T) doping energies were decomposed into a chemically meaningful 

energies on the basis of local energy decomposition (LED) approach[149, 414] starting 

from quasi-restricted (QRO)[396] Kohn Sham (KS) orbitals. 

• TD-DFT, employing the same motioned functionals, as well as complete active space 

(SA-CASSCF) [169, 184] method in conjunction with second order N-electron valence 

state perturbation theory (NEVPT2) [193, 395] including spin-orbit coupling (SOC) were 

employed to compute the band gap energies of the Eu2+-doped structures. 

• Preliminary calculations for estimating the multi-root nature of the Eu2+-doped 

phosphors emission process and the effect of the SOC and spin state energetics of the 

emission bands were performed employing the SA-CASSCF(7,19)/NEVPT2/SOC. As 

discussed in next Section 11.6 the SOC interactions do not significantly influence the 

emission band energy positions, hence they were excluded from the production 

calculations.  
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• As discussed in Section 11.6, based on these results the TD-DFT/PBE0 was chosen for 

the production calculations of optical properties. At different Eu2+ doping sites, 

absorption and emission spectra were computed at the TD-DFT/PBE0 and TD-

DFT/PBE0/ESD, respectively, with the same setup as discussed in Section 10.4. 

11.5.1. Construction of the Cluster Models  

All cluster models were constructed on the basis of the embedded cluster approach, [83, 84, 

141, 421], as discussed in Section 10.4, illustrated in Figure 7.1 and following the general 

protocol presented in Section 7.3. The series of the chosen cluster models consist of sequences 

of cuboid structures ranging from monomers to pentamers. Further information about the 

employed cluster models is provided in Figure 11.5 and Table A. 4.  

 

Figure 11.5. All cluster models (QCs) for a) CBLA (Ca2+ and Ba2+ channels), b) RNLSO (Rb+, 

Na1+, Na2+ channels), c) RNLSO2 (Rb+, Na+). Different sized models named with respect to 

number (n) of the central metal ion (Ca2+, Ba2+, Rb+, Na+) in the cluster as (Monomer, Dimer, 

Trimer, Tetramer, Pentamer for n=1, 2, 3, 4, 5, respectively). The Eu2+ doping site is indicated 

with dotted black circle around the ion that will be replaced by Eu2+. Atom colors: Eu (cyan), 

Rb (purple), Na (yellow), Ca (light green), Ba (deep green), Si (dark gray), Al (yellowish pink), 

Li (pink), N (blue), O (red). 
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11.6. Computational considerations. 

As is discussed in detail in Appendix A.2 (cluster size convergence – choice of the 

computational protocol), initially the cluster size convergence was evaluated on the basis of 

the band gap energies of the host structures. For this purpose, the band gaps (Eg) energies were 

computed at the STEOM-DLPNO-CCSD and TD-DFT levels of theory. In particular for the 

later, a selection of density functionals was chosen from the GGA, hybrid, range separated 

hybrid, double hybrid and range separated double hybrid families, respectively. The lowest 

excitation energies, for all employed functionals, were converged at the trimer cluster size. In 

the case of the CBLA2 clusters the lowest excitation energy (optical Eg) is observed for the 

clusters containing Ba2+ centers while in the case of RNLSO and RNLSO2 clusters the lowest 

excitation energy (optical Eg) is observed for the clusters containing Na+ centers. As has been 

observed previously[80, 84] the STEOM-DLPNO-CCSD shows the best performance in 

computed experimental band gaps. In fact, the mean absolute errors (MAE) in the case of 

RNLSO and RNLSO2 drop below 0.03 eV in comparison to the available experimental data. 

In contrast in the case of TD-DFT calculations employing different functionals the computed 

MAE values decrease in the sequence PBE, PBE0, CAM-B3LYP, B2PLYP and ωB2PLYP 

(MAE=4.6, 3.1, 2.4, 3.0, and 1.9 eV, respectively). This general failure of TD-DFT to computed 

the band gap energies of these systems is not surprising[444] as in fact they reflect non-rigid 

O&+ − 2p → Nar − 3s (for RNLSO and RNLSO2) and Nj+ − 2p → Ba&r − 5d (for CBLA2) 

ligand to metal charge transfer (LMCT) transitions. For RNLSO (at central Na1+ which give 

the lowest excitation energy among other sites), this is collectively shown in Figure 11.6. 

In a next step we compute the first excitation energies of the Eu2+-doped phosphors at the 

various doping centers at the TD-DFT and the SA-CASSCF(7,19)/NEVPT2 levels of theory 

employing the monomer clusters. In these calculations the active space is expanded to include 

besides the 4f5d shells the 5f-shell owning to its overlap with the 5d as discussed in Section 

9.1.1. The results are presented in Table A. 6. In sharp contrast, with the band gap energy 

computations on the undoped phosphors, in particular the hybrid functionals (PBE0, CAM-

B3LYP) show noticeable smaller deviations when compared against the SA-

CASSCF(7,19)/NEVPT2 computed values, MAE ~ 500-700 cm-1 (0.06-0.09 eV). This is due 

to the different nature of the probed transition. In the case of the undoped phosphors the 

transitions that dominate the band gap energies are of LMCT character while in the case of the 

Eu2+-doped ones they have a rigid 4f → 5d character. 
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Figure 11.6. a) Experimental (black) and calculated optical band gap, Eg (eV) with TD-DFT/ 

PBE (cyan), PBE0 (blue), CAM-B3LYP (pink), B2PLYP (green) and ωB2PLYP (orange) at 

different size of undoped QC clusters (1: monomer, 2: dimer, 3: trimer, 4: tetramer, 5: pentamer) 

and with STEOM-DLPNO-CCSD (red) only at the trimer cluster for RNLSO. b) The nature of 

the first excitation in RNLSO at central Na1+ based on NTO analysis. Note: for STEOM-

DLPNO-CCSD, monomer, dimer, and trimer clusters exhibit nearly identical Eg values (refer 

to Figure A. 4b), while larger clusters (tetramer, pentamer), present challenges in computation 

due to resource limitations. 
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In a following step, based on its performance the PBE0 hybrid functional is employed to 

compute the absorption spectra of the study set of the Eu2+-doped phosphors in the sequence 

monomer to pentamer clusters shown in Figure 11.5. The results are presented in Figure A. 5 

showing once again that in all studied cases the TD-DFT/PBE0 computed spectra converge for 

the trimer cluster size. Provided that the spectra are shifted by ~500 − 700	cm-1, the computed 

spectra are also in satisfactory visual agreement to experiment in terms of the number and the 

relative intensities of the computed bands.   

In an effort to investigate the influence of spin-orbit coupling SOC effects in the emissive 

states of 4f65d1 excited configuration, preliminary results on the CBLA2 cuboids (Figure A. 

6) showed that at the relativistic limit the 4f65d1 multiplet splits by about ~600-1100 cm-1 which 

is consistent with the atomic Eu2+ SOC constant (1200 cm-1 calculated employing ab initio 

ligand field theory[137, 139, 182, 183] (4f65d1)). It is also consistent with the previous results 

on [EuN8H24]2+ model structure, where it was obvious that for 4f65d1 excited states the local 

environmental effect dominates the SOC effects, as discussed in Section 9.3. While this state 

splitting can influence the magnetic nature of the emissive multiplet and fine tune the narrow 

band width has only limited impact to the emissive band energy position. Hence for the time 

being SOC effects were excluded from the production calculations. 

Collectively, on the basis  of the above results and in an effort to stay consistent with our 

previous study on narrow band Eu2+-doped phosphors,[80] in the following sections the trimer 

structures are chosen for the production calculations and analysis of the absorption and 

emission processes employing the TD-DFT/PBE0 computational protocol in conjunction with 

the excited state dynamics (ESD). 

11.7. Finding the most doping probable site for Eu2+ (Doping 
Descriptor) 

Prior entering the spectra computation and analysis sections, the major question that arises is 

how probable to Eu2+ doping is each of the Ca2+, Ba2+, Na+/ Na1+/Na2+ and Rb+ host positions 

in the study set of CBLA and RNSLO and RNSLO2 phosphors. To answer this question, we 

employ DFT/PBE0 as well as DLPNO-CCSD(T) followed by a local energy decomposition 

analysis (LED) levels of theory.  

In this concept the doping energy ∆𝐸�#!(%s
LLl�(=) is computed according to Equation (11.1) 
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∆𝐸�#!(%s
LLl�(=) =		∆𝐸�#!b�+<$8.

LLl�(=) −	𝛿		∆𝐸~#<$
LLl�(=)	

= 	 ­	𝐸�#!b�+l$8.
LLl�(=) −	𝐸K(sI%�

LLl�(=) −	𝐸�8bb+SO"9
LLl�(=) 	¯

− 	𝛿	 ­	𝐸~#<$
LLl�(=) −	𝐸K(sI%�

LLl�(=) −	𝐸�8bb+f:9
LLl�(=) 	¯ 

(11.1) 

  

where ∆𝐸�#!b�+<$8.
LLl�(=)  , ∆𝐸~#<$

LLl�(=)  are total interaction in doped and host (undoped) structures, 

respectively. They are expressed in terms of the following energy quantities;  

1) the energy of embedded Eu2+-doped structure (𝐸�#!b�+l$8.
LLl�(=) ), 

2) the energy of the embedded host structure (𝐸~#<$
LLl�(=)),  

3) the energy of the embedded host structure without the Mm+ ion (𝐸K(sI%�
LLl�(=)), 

4) the energy of the free Eu2+ (𝐸�8bb+SO"9
LLl�(=) ), and 

5) the energy of the free Mm+ ions (𝐸�8bb+f:9
LLl�(=) ). δ , is a coefficient introduced to compensate 

charge change during Eu2+ doping and equals (𝑐ℎ𝑎𝑟𝑔𝑒SO"9	 − 𝑐ℎ𝑎𝑟𝑔𝑒f:9 + 1), giving 

δ = 1	 for Ca2+/Ba2+	and 2 for Na+/Rb+.  

The results for the different doping centers in CBLA and RNSLO and RNSLO2 are provided 

in Table 11.2. Focusing on the DLPNO-CCSD(T) results in the case of CBLA Eu2+ doping at 

Ba2+ centers provides more stable structures with respect to Eu2+ doping at Ca2+ centers by 3 

eV. In RNLSO, Eu2+ doping at (Rb+, Na1+) centers provide similar DLPNO-CCSD(T) doping 

energies (-1.66, -1.32 eV) while Eu2+ doping at Na2+ provides rather less stable structures (-

0.88 eV). Similarly, in RNLSO2 Eu2+ doping at Rb+ centers provides more stable structures 

with respect to Eu2+ doping at Na+ centers by ~2.5 eV. The DFT computed doping energies 

show qualitatively similar trends to DLPNO-CCSD(T). Not surprisingly the DFT results are 

however somewhat unbalanced as for example they predict a positive doping energy position 

for the Ca2+ doping sites in CBLA and a rather overstabilization of the Rb+ doping positions 

with respect to the Na+ ones in RNLSO and RNLSO2. Similar imbalances have been observed 

in the case of RNSLO2.[330] Hence the DLPNO-CCSD(T) results are chosen for further 

analysis. 
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Table 11.2. Eu2+ doping energies for RNLSO, RNLSO2 and CBLA at the different candidate 

doping centers of trimers clusters computed at DFT(PBE0) and DLPNO-CCSD(T) methods. 

Phosphor Doping site 
Doping Energy (eV) 

PBE0 DLPNO-CCSD(T) 

CaBa[Li2Al6O8]:Eu2+ 

CBLA 

Ba2+ -1.62 -3.67 

Ca2+ 1.65 -0.67 

    

RbNa3[Li3SiO4]4:Eu2+ 

RNLSO 

Na1+ -2.55 -1.32 

Na2+ -2.09 -0.88 

Rb+ -4.42 -1.66 

    

RbNa[Li3SiO4]2:Eu2+ 

RNLSO2 

Na+ -2.14 -0.87 

Rb+ -4.51 -3.34 

 

 

11.7.1. Understanding the Eu2+ doping in the framework of 
DLPNO-CCSD(T)/LED analysis  

Entering the LED analysis, the DLPNO-CCSD(T) computed doping energies are decomposed 

into a set of chemically and physically meaningful inter- and intra-fragment contributions 

between the Eu2+ doped center and the host cuboid environment. This analysis is used below 

in an afford to shed light on  

1) the type of interactions encountered by Eu2+ per doping site and  

2) the favorable doping scheme that is followed by each phosphor in the study set.  

As is presented with black bars in Figure 11.7, in the framework of LED, the doping energy 

(∆𝐸�#!(%s
LLl�(=)), for all studied systems at different probable Eu2+ doping centers, are calculated as 

the difference in binding energy (∆𝐸(%$	 ) between Eu2+-doped structure and host, taking into 

account charge compensation coefficient (δ) as following Equation (11.1). (∆𝐸(%$) in each 

structure is decomposed in reference DFT/PBE0 contributions (∆𝐸(%$>Sk) and correlation 

contributions (∆𝐸(%$L ) and reads as follows in Equation (11.2) 
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∆𝐸(%$	 =		∆𝐸(%$>Sk +	∆𝐸(%$L  (11.2) 

∆𝐸(%$>Sk is the sum of three contributions, namely the electronic preparation, the electrostatic 

and the exchange interactions, as shown in relation (11.3), based on KS orbitals and QROs for 

host and doped structures, respectively.  

∆𝐸(%$>Sk =		∆𝐸SN+!8b!.
>Sk(MwS*) +	∆𝐸SN<$I$.

>Sk(MwS*) + ∆𝐸S9�".
>Sk(MwS*) (11.3) 

∆𝐸(%$L  is the sum of, DLPNO-CCSD(T) correlations, divided in dispersion and non-dispersion 

contributions, and triples correction in the interaction as shown in relation (11.4).  

∆𝐸(%$L =		∆𝐸�(<!L+LLl� +	∆𝐸%#%+�(<!L+LLl� + ∆𝐸(%$
L+(=) (11.4) 

 In principle ∆𝐸(%$>Sk is associated with the stable formation of the Eu2+-doped phosphor and 

it is sensitive to the interactions with the first and second coordination spheres of the host 

cuboid structures. Hence repulsive or positive ∆𝐸(%$>Sk interactions translate to an unrelaxed 

EuL8 formations while negative or attractive ∆𝐸(%$>Sk interactions translate to a rather relaxed 

and thus stable EuL8 cuboid formation. Similarly, to ∆𝐸(%$>Sk, ∆𝐸(%$L  is sensitive to the formation 

of the bonding character around the EuL8 cuboids. 

Taking everything together, ∆𝐸(%$>Sk is positive in the least probable site for each system 

(+1.8, +0.9, +1.1 eV) for (CBLA:Eu2+ at Ca2+, RNLSO2:Eu2+ at Na+, and RNLSO:Eu2+ at 

Na2+, respectively) indicating its instability for Eu2+ doping due to significant compression in 

EuL8 cuboid, shorter Eu-L ligand and strong repulsion with the second shell of cations, as 

shown in Table 11.1.  On the contrary, the most probable site for each system exhibits a strong 

and negative ∆𝐸(%$>Sk of (-2.3, -3.0, -1.4 eV) for (CBLA2:Eu2+ at Ba2+, RNLSO2:Eu2+ at Rb+, 

and RNLSO:Eu2+ at Rb+, respectively). While, RNLSO:Eu2+ at Na1+, show negligible 

difference between doped and host structures.  

The dispersion corrections follow the difference in the ionic radii between the substituted 

cations and Eu2+ (Table 11.1). They are hence repulsive in the most probable and more relaxed 

EuL8 cuboids of (CBLA2:Eu2+ at Ba2+, RNLSO2:Eu2+ at Rb+, and RNLSO:Eu2+ at Rb+, 

respectively). Similarly, as expected, stronger non-dispersion corrections are observed in the 

more covalent nitride (CBLA2) with respect to the oxide (RNLSO and RNLSO2) phosphors. 
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Compressed versus elongated EuL8 cuboids show also larger non-dispersion interactions that 

are associated with stronger Eu-N/O covalent interactions and bond lengths in accord to Table 

11.1. Finally, the most stable EuL8 cuboids show also the smallest triples corrections across the 

study set that are inverted proportional to the doping energy. 

 

 

 

Figure 11.7. LED analysis of DLPNO-CCSD(T) doping energies (black bars) for all the 

studied systems at probable site for Eu2+ doping, which is decomposed into its contributions as 

∆𝐸(%$>Sk, ∆𝐸%#%+�(<!L , ∆𝐸�(<!L , and ∆𝐸(%$
L+(=) in red, blue, purple, and cyan bars respectively. The 

doping site of host is bolded and underlined. 
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11.8. Absorption and Emission Spectra 

In a further step the absorption and emission spectra are computed employing the ESD/TD-

DFT PBE0 protocol in conjunction with NTO analysis of the most important absorption bands. 

This analysis is provided in Figures 5.8-5.11. In each system, the total absorption or emission 

spectrum is presented as a sum of all different Eu2+ doping sites, by taking into account the 

probability of these different sites for Eu2+ doping. 

In the case of CBLA2 (Figure 11.8), the main emission band arises from absorption band 

3. The emission process involves an Eu2+ center doped at the Ba2+ site and takes place from a 

Eu	5dq& based molecular orbital MO with covalency factor 𝑎&= 0.94. In contrast the lower 

energy and weak intensity emission band arises from absorption band 1. The emission process 

involves an Eu2+ center doped at the Ca2+ site involving a Eu	5d9&+:& based molecular orbital 

MO with covalency factor 𝑎&=0.87. Absorption band 2 arises from an Eu2+ center doped at the 

Ca2+ site and involves an Eu	4f:(j9&+:&) 	→ Eu	5d9&+:& electron excitation showing no 

pronounced emission intensity. Likewise, the high energy absorption band 4 arises from an 

Eu2+ center doped at the Ba2+ site and involves an  Eu	4f9:q 	→ Eu	5d9&+:& electron excitation 

showing negligible emission intensity. 

In the case of RNLSO (Figure 11.9), the main absorption band located at 20000 and 30000 

cm-1 spectrum window contains contributions from Eu2+ center doped at both Na2+ (band 1, 2), 

Na1+ (band 3) and Rb+ (band 4) centers. Similarly, the high energy absorption band located at 

32000 and 43000 cm-1 spectrum window contains mixed contributions from Eu2+ centers doped 

at both and Rb+ (band 5), Na1+ (band 6) and Na2+ (band 7) centers. Analysis shows that the 

main emission band arises from an Eu2+ center doped at the Na1+ site and takes place from the 

non-bonding Eu	5d°"+±" based MO with 𝑎& of 0.95 reached by absorption band 3. On the 

contrary, the lower energy and weak intensity emission band arises from an Eu2+ center doped 

at the Na2+ site involving a Eu	5d9&+:& based molecular orbital MO with covalency factor 

𝑎&=0.87 reached by absorption band 1. Interestingly, although Rb+ site showed the highest 

probability for Eu2+ doping, it has no contribution in the emission process because its lowest 

excited state lies beyond the employed experimental laser, band 4. Hence the relevant states 

reached by the absorption process are not populated. 

In the case of RNLSO2 (Figure 11.10), the main absorption band located at 18000 and 

32000 cm-1 spectrum window contains contributions from Eu2+ center doped at both Na+ (bands 
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1, 3), and Rb+ (bands 2, 4) centers. The high energy shoulder located at 37000 cm-1 arises from 

Eu2+ centers doped at Na+ (band 5) centers. Analysis shows that the main emission band 1* 

arises from an Eu2+ centers doped at the Na+ sites and takes place from the non-bonding 

Eu	5d°"+±" based MO with 𝑎& of 0.92 leading to broader emission than in the case of RNLSO. 

A weak blue shifted emission band 2* arises from an Eu2+ centers doped at the Rb+ sites reached 

by absorption band 2 and takes place from the non-bonding Eu	5d²& based MO with 𝑎& = 0.97. 

In accord with the experiment, as shown in Figure 11.11, by bringing the absorption laser in 

resonance with absorption band 2 corresponding to Eu2+ centers doped at the Rb+ sites it is 

possible to tune the emission intensities of band 1* and band 2*. 

Finally, all studied phosphors exhibit a high thermal stability due to high host optical band 

gaps (4.94, 5.96, 5.82 eV for CBLA2, RNLSO2, and RNLSO, respectively calculated with 

STEOM-DLPNO-CCSD level of theory), as well as the absence of MLCT transitions along all 

the absorption spectra, that in agreement with the experimental results.[124, 330, 331]  
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Figure 11.8. a) CBLA2 experimental (black), calculated TD-DFT/PBE0 absorption (blue; 

solid and dashed lines plotted with gaussian broadening 1500, 3000 cm-1, respectively) spectra 

and experimental (brown), ESD/TD-DFT/PBE0 calculated (red) emission spectra.  Filled 

colored bands indicate individual contributions of the different Eu2+-doped centers.  b) The 1st 

transition responsible for emission upon relaxation for all the candidate Eu2+-doped centers and 

c) NTO analysis of the relevant bands in absorption spectra. The red arrow indicates laser 

energy in emission experiment. 
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Figure 11.9. a) RNLSO experimental (black), calculated TD-DFT/PBE0 absorption (blue, light 

blue) spectra and experimental (brown), ESD/TD-DFT/PBE0 calculated (red) emission 

spectra. Colored bands indicate individual contributions of the different Eu2+-doped centers. b) 

The 1st transition responsible for emission upon relaxation for all the candidate Eu2+-doped 

centers and c) NTO analysis of the relevant bands in absorption spectra. The red arrow indicates 

laser energy in emission experiment. 
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Figure 11.10. a) RNLSO2 experimental (black), calculated TD-DFT/PBE0 absorption (blue, 

light blue) spectra and experimental (brown), ESD/TD-DFT/PBE0 calculated (red) emission 

spectra. Colored bands indicate individual contributions of the different Eu2+-doped centers. b) 

The 1st transition responsible for emission upon relaxation for all the candidate Eu2+-doped 

centers and c) NTO analysis of the relevant bands in absorption spectra. The red arrow indicates 

laser energy (396 nm) in emission experiment. 
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Figure 11.11. RNLSO2 experimental (black), calculated TD-DFT/PBE0 absorption (blue) 

spectra and experimental (brown), ESD/TD-DFT/PBE0 calculated (red) emission spectra. The 

emission spectrum is computed on the basis of a 430 nm laser that provides intensity 

enhancement to emission band 2* that originates from Eu2+-doped at Rb+ centers. 

 

 

 

  

430 nm

4

3
1

5

1*

2*
2



11 Luminescence in Eu2+-doped phosphors for WLEDs: Validation of the Proposed Protocol 

 186 

11.9. Validity of the Proposed Computational Protocol and Defined 
Descriptors Predicting Luminescence Properties of Solid-state 
Eu2+-doped Phosphors  

In the previous Chapter, Section 10.8, general descriptors have been defined that are able to 

predict the emission color and bandwidth of Eu2+-doped phosphors bearing a single candidate 

center for Eu2+ doping.[80] These descriptors are based on the electronic characteristic of the 

first excited state dominating the emission process. In particular, the emission band properties 

can be predicted from the energy position of the first excited state (4f65d1) and the covalency 

cofactor 𝑎& of the Eu	5d based MO. At the TD-DFT PBE0/def2-TZVP level of theory the 

corresponding linear relations read: 

 

Expected	Emission	Band	Max(cm+') 					

= 				0.9334 ∗ E'(cm+') − 419.04(cm+')									 
(11.5) 

Expected	Emission	Band	FWHM(cm+')

= −2530.7 ∗ Eu	5d	𝑎& 		+ 3638.4(cm+')									 
(11.6) 

  

where, E' is the energy position of the 1st absorption band, while the Eu	5d	𝑎& coefficient is 

degree of covalency in Eu(5d) − L(2p) bond. As previously[80]  described, Eu	5d	𝑎& 

coefficient is directly extracted from involved acceptor NTO consisting the absorption band. 

 In a last step of our analysis, we test the applicability of the above descriptors by 

considering in addition the study set of Eu2+-doped phosphors bearing multiple candidate 

centers for Eu2+ doping. As seen in Table 11.3 and visually in Figure A. 14, in all the cases the 

employed relations are able to predict the energy position, the shape and the bandwidth of the 

absorption and emission spectra showing excellent agreement between theory and experiment. 

In fact, for the study set of Eu2+-doped phosphors containing one or multiple doping centers 

the predicted emission energy positions, the respective bandwidth and Stokes shifts show mean 

absolute errors (MAE) with respect to experiment that vary in the range 0.01, 0.04 and 0.16, 

respectively. 
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Table 11.3. Experimental versus predicted maximum emission energy positions and bandwidths according to the descriptors relations (1) and (2) 

for a given computed maximum absorption band maximum and the respective covalency factor (5d α2) and calculated Stokes Shift ΔS for 

previously studied (BMS, SMS, CLA, SALON, SLBO):Eu2+ and (RNLSO, RNLSO2, CBLA2):Eu2+-doped phosphors at emitting centers. 

Phosphor 
Doping 

site 

 
Experimental 

Emission Band 
 

Calculated First 
Absorption band 

 
Predicted 

Emission Band 

 
Energy 

(cm-1) 

Width 

(cm-1) 

ΔS 

(cm-1) 
 

Energy 

(cm-1) 

Eu&r	5d	 

α&	 
 

Energy 

(cm-1) 

Width 

(cm-1) 

ΔS 

(cm-1) 

Ba[Mg3SiN4]:Eu2+ 

BMS 
Ba2+  14920 2015 3500  16000 0.64  14925 1950 2810 

Sr[Mg3SiN4]:Eu2+ 

SMS 
Sr2+  16250 1150 750  18200 0.97  16260 1150 950 

Ca[LiAl3N4]:Eu2+ 

CLA 
Ca2+  14980 1340 1000  16150 0.84  14970 1350 847 

Sr[LiAl3N4]:Eu2+ 

SLA 
Sr2+  15380 1180 800  17200 0.96  15384 1160 840 

Sr[Al2Li2O2N2]:Eu2+ 

SALON 
Sr2+  16300 1220 1100  18100 0.90  16286 1220 1150 

Continued in the next page 
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Phosphor 
Doping 

site 

 
Experimental 

Emission Band 
 

Calculated First 

Absorption band 
 

Predicted 

Emission Band 

 
Energy 
(cm-1) 

Width 
(cm-1) 

ΔS 
(cm-1) 

 
Energy 
(cm-1) 

Eu&r	5d	 

α&	 
 

Energy 
(cm-1) 

Width 
(cm-1) 

ΔS 
(cm-1) 

SrLi2[Be4O6]:Eu2+ 

SLBO 
Sr2+  22000 1220 980  23800 0.95  21929 1170 750 

RbNa3[Li3SiO4]4:Eu2+ 

RNLSO Na1+  21231 1015 --  23087 0.95  21968 1234 1120 

RbNa[Li3SiO4]2:Eu2+ 

RNLSO2 Na+  19121 1465 --  20030 0.92  19367 1496 670 

CaBa[LiAl3N4]2:Eu2+  
CBLA2 

Ba2+  15674 1191 --  17100 0.94  15484 1259 1570 

Ca2+  12658 1450 --  14400 0.87  12970 1436 1310 

MAE(%)          0.01 0.04 0.16 
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11.10. Summary and Conclusions 

A previously designed computational protocol for the color and the bandwidth prediction of 

narrow band phosphors was extended to Eu2+-doped phosphors containing multiple probable 

centers for Eu2+ doping. Namely, the narrow-band phosphors (Ca/Ba) nitridolithoaluminate 

CaBa[Li2Al6N8]:Eu2+ (CBLA2)[124], alkali (Na/Rb) lithosilicate RbNa3[Li3SiO4]4:Eu2+ 

(RNLSO)[331] and RbNa[Li3SiO4]2:Eu2+ (RNLSO2)[330] phosphors. 

Following a thorough electronic structure analysis, converged embedded cluster structures 

were constructed for the variety of the Eu2+-doped positions (Ca2+, Ba2+, Na+ or Rb+) across 

the study set of phosphors. In this context a representative set of density functionals belonging 

to the GGA, hybrid, range separated hybrid, double hybrid and range separated double hybrid 

density functional families was evaluated for its ability to compute the band gap energies of 

the undoped and Eu2+-doped phosphor structures. The DFT computed band gap energies were 

evaluated against experimental as well as STEOM- DLPNO-CCSD and CASSCF/NEVPT2 

computed reference values, for the undoped and Eu2+-doped phosphors, respectively. In both 

cases the hybrid functionals PBE0 and CAM-B3LYP, gave the best performance. Hence for 

consistency with our previous study the PBE0 functional was chosen for the production 

calculations. 

The Eu2+ doping energies at the different sites of the host structures were calculated at the 

DLPNO-CCSD(T) level as the difference between the interaction energies between the Eu2+-

doped and host (undoped) structures. These calculations predicted that in the case of CBLA2, 

and RNLSO and RNLSO2 Eu2+-doped phosphors, the most probable positions for doping are 

the Ba2+ and Rb+ centers, respectively, followed by Ca2+ and Na+ ones. In contrast, similar 

calculations performed at the DFT/PBE0 level showed rather unbalanced results. In a further 

step the nature of the DLPNO-CCSD(T) computed Eu2+ doping energies was analyzed on the 

basis of the LED scheme. It was demonstrated that the Eu2+ doping energy depends on the 

difference between the ionic radii of the Eu2+ and the substituted cation Mm+ as ∆rº;9+´®"9 , 

and the type (compressed/elongated) of the formulated EuL8 cuboids and much less to the 

strength of the Eu-O/N covalent interactions and the second coordination sphere of the EuL8 

cuboids. In particular it was shown that the most probable doping centers are those enabling 

the formation of elongated EuL8 cuboids.  
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The absorption and luminescence spectra of the chosen study set of phosphors were 

computed, on the basis of the defined doping and symmetry selection rules, showing very good 

agreement with the experimental results. Once again it was shown that the suppression of the 

Eu-O/N covalent interactions, as well as the steric effects imposed by the second coordination 

sphere is the origin of the desired narrow band emission across the most probable centers for 

Eu2+doping. In accord to experiment in the case of the CBLA2 and RNSLO2 phosphors it was 

demonstrated that the emission spectrum from particular absorption bands across the different 

probable Eu2+ doping centers provides tunability towards desired photoluminescence 

properties.  

In a final step the previously defined descriptor relations for the color and the emission 

bandwidth of the Eu2+-doped phosphors were validated on the employed study set. The mean 

absolute errors with respect to experiment found to range between 0.01 and 0.04 for the color 

and bandwidth, respectively. This indicates that these descriptors are generalizable to Eu2+-

doped phosphors of arbitrary complexity. Hence, they could potentially be used to evaluate sets 

of novel Eu2+-doped phosphors in order to provide genuine predictions of their properties. In 

fact, that will be addressed in the next chapter, where our investigation reveals the potential for 

systematic enhancement of the emission properties of the CBLA2 phosphor towards a 

hypothetical CBLA phosphor, demonstrating unprecedented narrow band red emission 

characteristics. 

Finally, we believe that the results presented herein are important in the design of novel 

narrow band phosphors with tunable emission properties and further improve quality and 

energy efficiency of LEDs. 
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12 Eu2+-doped Phosphors Engineered – Prediction of an 
Unprecedented Narrow-band Red-Emitting Eu2+-
doped Phosphor (CBLA) 

The results of this chapter have been published in Phys. Chem. Chem. Phys., 2024, 26(7), 6277-6291. 
DOI: 10.1039/D3CP06039J 

12.1. Introduction 

Building upon the insights and findings through the preceding chapters, it becomes evident that 

theoretical investigations can effectively help and guide the synthesis efforts, leading to the 

refinement of existing Eu2+-doped phosphors and the proposal of innovative phosphors with 

tailored optical properties for technological and industrial applications. A notable example 

examined earlier is the CBLA2 phosphor, which exhibits significant narrow band emission in 

the red region however, a notable drawback lies in its diminished emission in the infrared (IR) 

region. This chapter advances our exploration, revealing the potential for a systematic 

enhancement of the emission properties of the CBLA2 phosphor, towards a hypothetical CBLA 

phosphor, demonstrating unprecedented narrow band red emission characteristics. 

12.2. Collaborative Exploration: Bridging Experimental Insights 
with Theoretical Perspectives Towards Promising Eu2+-doped 
Phosphors  

This section aims to highlight the importance of a fruitful collaborative interplay between the 

experimental and theoretical domains. Following particularly insightful discussions with our 

experimental collaborators from professor’s Schnick group, we developed strategies for tuning 

emission band spectral features in Eu2+-doped Phosphors, by navigating through experimental 

findings, theoretical frameworks, and analytical interpretations. This synergistic effort has 
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culminated in the in-silico identification of highly promising candidate, specifically red-

emitting narrow-band Eu-doped phosphor referred to as CBLA. The ensuing exploration 

captures the convergence of hands-on experimentation and theoretical understanding, guiding 

us towards innovative solutions in the realm of luminescent materials. As of the current state 

of research, ongoing efforts persist in the synthesis of the proposed phosphor, CBLA, to either 

validate or challenge our theoretical postulations. 

12.2.1. Insights into the emission intensity mechanism of 
CLA:Eu2+ , SLA:Eu2+, and CBLA2:Eu2+ Phosphors 

As previously discussed in Sections 10.2 and 10.7, the red-emitting CLA:Eu2+ and SLA:Eu2+ 

phosphors share the same chemical formula for their host, M[LiAl3N4], where M is Ca and  Sr, 

respectively. Despite the common chemical composition, these phosphors exhibit distinct 

crystal structures, with CLA crystallizing in the tetragonal (𝐼4'/𝑎) space group while SLA 

crystallizes in the triclinic (𝑃1N)  space group. Both structures feature a highly rigid network of 

[Al/LiN4] tetrahedra, facilitating weak vibronic coupling through the rigid 4f �5d9"+:" → 4f � 

relaxation. However, SLA demonstrates superior chemical and luminescent properties. 

A closer examination reveals that, the crystal structure of CLA is more symmetric, and the 

slightly smaller Ca ions result in a compressed and symmetric [EuN8]22- cuboids with (𝑆�) local 

symmetry compared to SLA, in which larger cuboids with (𝐶& and 𝐶&") symmetries 

accommodate Eu2+ doping at Sr1 and Sr2 sites. This leads to stronger ligand field and 

covalency interactions in CLA 4f and, most importantly, 5d orbitals, resulting in a red-shifted 

and broadened emission band (Exp. FWHM 1340 cm-1). The broader band is due to stronger 

vibronic coupling induced by larger covalency in Eu 5d°"+±" excited orbital with the nitride 

ligands,[80] compared to narrower emission band in SLA (Exp. FWHM 1180 cm-1). 

While the situation is complicate, the need for additional space in the Eu cuboid cavity is 

apparent. This space is critical for enhancing doping, as discussed in Section 11.7. Additionally, 

cuboid expansion can reduce the Eu-L interaction (covalency), vibronic coupling, and 

ultimately narrowing the bandwidth. However, this expansion also causes a blue shift in the 

emission energy, explaining the challenge in finding red phosphors with sharp emission bands. 

One potential step toward narrower phosphor emission band involves synthesizing a Ba 

variant of the series, Ba[LiAl3N4] (BLA), although such a host has not yet been successfully 

synthesized. Schnick’s group was able to successfully synthetize the mixed CaBa[LiAl3N4]2 
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(CBLA2) phosphor host, featuring multiple Eu doping centers (Ca/Ba), which crystalized in 

the monoclinic 𝐶2/𝑚 space group. 

Now, we can see that CBLA2:Eu2+ exhibits a remarkably narrow and intense red emission 

band (Exp. FWHM 1095-1266 cm-1, whereas our calculation based on the electronic 

descriptors gives 1190 cm-1) which is as narrow as that of SLA (Exp. FWHM 1180 cm-1) and 

blue-shifted by +300 cm-1 with respect to SLA. Again, the luminescence mechanism involves 

a highly rigid relaxation process with a non-bonding Eu	5dq" − Ba	5dq" MO. Clearly, the 

presence of Eu between the two Ba ions induces the stabilization of Eu	5dq" over  5d°"+±" 

which will be advantageous and more likely to give narrow-band emission, as discussed in 

Chapter 10. However, a lower-energy and weaker-intensity broad infrared (IR) emission band 

from Eu2+ doped at the Ca2+ site (Exp. FWHM 1430 cm-1) is aligned with antibonding 5d°"+±" 

excited orbital and poses challenges due to strong compression within the Eu cuboid, limiting 

its potential as a red-emitting phosphor. 

These observations collectively underscore the existing challenges. The question arises: 

how can we address these issues?  

One potential approach involves eliminating the Ca2+ site, resulting in BLA:Eu2+. Or 

alternatively, instead of eliminating of the emission of Eu doped CBLA (at Ca site), it can be 

improved through [CaN8] cuboid expansion. However, as shown that single-cationic channels 

featuring solely Ca in both CLA and CBLA2 lead to compressed [CaN8] cuboids. So, the 

[CaN8] cuboids expansion could be achieved through sandwiching that cuboids with larger 

[CaN8] with a larger [SrN8] or further larger [BaN8] cuboids leading to alternating Ba2+--Ca2+-

-Ba2+ channels. Within such channel, besides doping at Ba site, Eu doing Ca sites can again 

induce stabilization of advantageous non-bonding Eu	5dq" excited orbital through constructive 

overlap with  Ba	5dq"  orbitals on the two sides. That may be achieved through carful structural 

engineering. Indeed, this behavior have been detected however in oxide phosphors, when we 

explore the RNLSO2:Eu2+ and RNLSO:Eu2+.  

12.2.2. Insights into the emission intensity mechanism of 
RNLSO:Eu2+, RNLSO2:Eu2+, and CBLA2:Eu2+ phosphor 

The electronic structure and emission of RNLSO2:Eu2+, RNLSO:Eu2+, and CBLA2:Eu2+ 

phosphors have been discussed in the preceding chapter 11, however, some key points and 

some structural-electronic-emission properties correlation are we recalled and highlighted. 
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RNLSO2 and RNLSO sharing common chemical formula M[Li3SiO4]2 with M = RbNa and 

Rb0.5Na1.5, respectively where, they crystallized in monoclinic (𝐶2/𝑚 like CBLA2) and 

tetrahedral (𝐼4/𝑚) space groups, respectively. They show significant differences in the 

emission properties of Eu2+ centers doped at different sites.  

Recalling (refer to Figure 11.1 and Figure 11.10), in RNLSO2, like CBLA2, doping at 

larger cuboid of Rb+ is more probable than in Na+ center and it exhibits overlapping emission 

bands arising from Eu2+ doping at both sites, with the emission primarily stemming from the 

Na+ site. In contrast (refer to Figure 11.9), in RNLSO, with three probable doping centers, 

arranged in their doping probabilities as Na(2)+, Na(1)+, and Rb+ sites, and showed a single 

narrow emission band originating from the Na1+ site, where the Eu2+ is compressed oxide 

cuboid and sandwiched between two massive Rb+ ions.  

The emission in RNLSO2 at Na+ is broader compared to RNLSO at Na1+ due to the nature 

of the non-bonding Eu	5d9"+:" based MO. Additionally, a weak blue-shifted emission band is 

observed in RNLSO2, originating from Eu2+ centers doped at the Rb+ sites. So, the 

transformation from RNLSO2 to RNLSO lead to improvement of the luminescence in the 

oxide domain, provide a valuable strategy to model new phosphor to word optimization of the 

CBLA2 properties to achieve desired luminescent properties. 

In fact, in contrast to CBLA2 in the case of RNLSO2 (Figure A. 8 a-b) the main emission 

band 1* arises from an Eu2+ centers doped at the Na+ sites (in relation to Ca2+ sites in CBLA2) 

and takes place from the non-bonding Eu	5d°"+±" based MO with 𝑎& of 0.92. A weak blue 

shifted emission band 2* arises from an Eu2+ centers doped at the Rb+ sites (in relation to Ba2+ 

sites in CBLA2) reached by absorption band 2 and takes place from the non-bonding Eu	5d²& 

based MO with 𝑎& = 0.97. As shown in Figure 11.11 and in accord to experiment the intensity 

of this second band can be tuned by the excitation laser. In the case of RNLSO (Figure A. 8 c-

d) the main emission band arises from an Eu2+ center doped at the Na(1)+ site and takes place 

again from the non-bonding Eu	5d°"+±" based MO with 𝑎& of 0.95. 

It should be emphasized that the emission bands arising from Eu2+ centers doped at Ca2+, 

Na+ and Na(1)+ sites in the case of CBLA2, RNLSO2 and RNLSO have the following 

characteristics 1) involve compressed EuN8 and EuO8 cuboids, 2) take place from non-bonding 

Eu	5d°"+±" based MO and 3) the RNLSO band is blue shifted (FWHM=1015 cm-1, 22.5 nm) 

with respect to the RNLSO2 (FWHM= 1465 cm-1, 40 nm) band by 2100 cm-1 with narrower 

bandwidth by 450 cm-1 respectively.  Hence there is a clear relation between the geometric 
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characteristics around the Eu2+ centers and their emission properties in these systems. This is 

in accord with the descriptor relations discussed in Sections (10.8, 5.9), Figure A. 14, and 

Table A. 8. 

Up to this point of analysis it has been shown that owning to the very rigid nature of the 

emissive states in both Eu2+-doped phosphors bearing one or multiple doping centers the 

TDDFT/PBE0 computed spectra provide satisfactory agreement to the experimentally 

observed absorption and emission spectral features allowing for a quantitative analysis. 

However, for the identification of the probable Eu2+-doping centers at the ground state and a 

comprehensive qualitative and quantitative description that connects the strength of 

electrostatic and covalent interactions between the Eu2+ and the coordination environment 

provided by the phosphor host structure, the sensitivity provided by DLPNO-CCSD(T) 

computed energies and their respective LED analysis is required. These two successful 

approaches will be employed below towards an in-silico investigation of new Eu2+ doped 

phosphor with tailored photoluminescence properties. 

12.3. Designing a CBLA:Eu2+-doped phosphor with potentially 
improved emission properties. 

12.3.1. The impact of the host environment to the emission 
properties of the Eu2+-doped phosphors. 

In a next step we investigate the effect of the host environments to the electronic structure, 

chemical bonding and consequently emission properties of the studied phosphors. The results 

are summarized in Figure 12.1. 

As shown in Figure 12.1a, in the case of RNLSO the Na1+ sites form host cuboids (Na1+O8) 

that are tetragonally compressed with respect to the (Na+O8) cuboids in RNLSO2, owning to 

the formation of the Rb+--- Na1+--- Rb+ cuboid sequence. As discussed in the previous sections, 

these sites dominate the emission bands in the respective Eu2+-doped phosphors. In particular, 

Na1+ centers have higher probability for Eu2+doping with respect to the Na+ sites in RNLSO2 

while they result in emission bands that are blue shifted and narrower. LED analysis confirms 

that Eu2+ doping at the Na+ sites in RNLSO2 results in repulsive ionic interactions with the 

[O8Li4Si4Na2]6+ host environment that is only partially compensated by attractive covalent 

interactions leading to an overall low probability for Eu2+ doping at these centers. In contrast, 
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Eu2+ doping at the Rb+--- Na1+--- Rb+ tetragonally compressed cuboid sequence in RNLSO 

shows almost neutral ionic interaction (+0.02 eV) with the [O8Li8Rb2]6- host coordination 

environment and slightly reduced covalent interactions. This is also reflected to the EuO8 

cuboids volumes and Eu-O bond distances (29.3 Å3, 2.6 Å in RNLSO2 and 30.2 Å3, 2.7 Å in 

RNLSO). Overall, the analysis confirms the improvement in the doping probability at the Na1+ 

centers of RNLSO with respect to the Na+ centers in RNLSO2.  While the EuO8 cuboid 

expansion and the covalency reduction along this direction are also consistent with the blue 

shifted and narrower bandwidth emission signal in RNLSO in comparison to RLNSO2 for 

these doped centers. We would like to emphasize that while within the LED framework the 

covalent interactions are probed in the ground state it has been shown than owning to the fact 

that the open Eu2+ 4f8 shell is only marginally involved in the bonding[136] hence, important 

covalent interactions with the host environment in the Eu2+ 5d and 6s shells probing indirectly 

the bonding characteristics of the excited emissive states of the 4f75d1 shell. 

Na+ and Rb+ sites in RNLSO2, resemble the characteristics of the Ca2+ and Ba2+sites in 

CBLA2. As shown in Figure A. 7, Eu2+ doping at the respective Rb+ and Ba2+ sites in RNLSO2 

and CBLA2 leads in favorable doping situations.  This is reflected to both the ionic and 

covalent interactions between the Eu2+ site and host environment. Owning to the negatively 

charged host environments , [O8Li8Na2]6- and [N8Al4Li4Ba2]4- the Eu2+ site - host environment 

ionic interactions are attractive (2.7 and 2.3 eV) while the EuO8 and EuN8 cuboid expansions  

(Eu-O ~ 3.00 Å and 40.5 Å3 cuboid volume  and Eu-N ~ 2.93 A and 37.6 A3 cuboid volume, 

respectively) lead to weaker covalent interactions, hence  to a weaker vibronic coupling in 

these sites, that is also reflected in the reduction of the emission bandwidths in comparison to 

the emission spectra originating from the respective Eu2+-doped  Na+ and Ca2+ sites.  

Likewise to the Rb+ and Ba2+ sites, Eu2+ doping at Na+ and Ca2+ in RNLSO2 and CBLA2 

phosphors not only result in compressed EuO8 and EuN8 cuboids with similar principle 

emission characteristics with respect to the non-bonding  Eu	5d°"+±" MO character of the 

emissive state, but also in terms of their probabilities for Eu2+ doping Figure 12.1, and Table 

A. 7.  As shown in Figure 12.1 a and b, both the Na+ sites in RNLSO2 and the Ca2+ sites in 

CBLA2 are less favorable for Eu2+ doping showing significant repulsive ionic (+1.7 eV) 

interactions owning to the positive [N8Al8Ca2]4+ coordination environment opposing the rather 

covalent Eu2+-host interactions (−2.4 eV). Hence as in the case of RNLSO2, at the Eu2+-doped 

Na+ sites, in the case of CBLA2 the overall doping probability, for the Eu2+-doped Ca2+ sites is 

significantly reduced.  
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Figure 12.1. a) The impact of the tetragonal cuboid compression of the Na+ and Ca2+ Eu2+-

doping centers in RNLSO2 and CBLA2 towards RNLSO and the isotypic CBLA phosphors. 

b) Analysis of the DLPNO-CCSD(T) computed probability for Eu2+-doping in these phosphors 

on the basis ionic and covalent Eu2+-host interactions in the framework of LED. 
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These results confirm the experimental and computational observations that at the 

RNLSO2:Eu2+ phosphor the emission band characteristics can be improved by either tuning 

the excitation laser to higher energies to basically probe the emission originating from Eu2+- 

doped Rb+ over Na+ sites. Alternatively one may resort to the RNLSO:Eu2+ phosphor to benefit 

by the improved doping probability of the Eu2+doped Na1+ sites towards a unique, narrow band 

blue shifted emission band in comparison to the Eu2+doped Na1+ sites of RNLSO2:Eu2+. In 

contrast in the case of CBLA2:Eu2+ phosphor the only possibility to reduce the emission 

intensity losses into the IR is to in principle reduced the Eu2+ doping concertation to suppress 

the emission from the low probability for Eu2+ doping at Ca2+ centers at the cost of reducing 

the total light intensity and brightness of the phosphor. Hence at this point the question arises 

whether it is possible to alter the unfavorable emission characteristics of the CBLA2:Eu2+ 

phosphor by generating the hypothetical CBLA:Eu2+doped phosphor that is isotypic to the 

RNLSO:Eu2+ phosphor. The structural characteristics of the hypothetical CBLA:Eu2+doped 

phosphor are provided in the supporting information (Appendix A.3 and Figure A. 12). 

As shown in Figure 12.1 a and b likewise to the Na1+ centers of RNLSO, the Ca12+ centers 

in CBLA form tetragonally compressed (Ca2+N8) cuboids owning to the formation of the 

asymmetric Ba2+--- Ca12+--- Ba2+ cuboid sequence. In contrast to the Eu2+-doped Ca2+ sites in 

CBLA2:Eu2+  Eu2+ doping at Ca12+ centers becomes favorable owning to 1) the attractive ionic 

interactions between Eu2+ and [N8Al8Ba2]4+ host environment and the reduced covalent 

interactions leading to an improved probability for Eu2+ doping at these sites. The Eu2+N8 

expansion (Eu-N, volume) and the suppression of the Eu host covalent interactions could in 

fact lead to a blue shifted narrow band emission signal in comparison to the Ca2+ Eu2+-doped 

positions. However as in fact shown in Table A. 7 and Figure A. 7, in CBLA:Eu2+ the doping 

probability of both the Ca12+, Ca22+ and Ba2+ in comparison to the respective Ca2+ and Ba2+ 

Eu2+-doped centers in CBLA2:Eu2+, improves. The degree, this could actually lead to a 

candidate phosphor with improved emission properties will be investigated below.  

12.3.2. Vibronic Coupling Effect along the tetragonal distortion 
pathway 

Seeking further validation for the structural factors that could lead to a hypothetical candidate 

CBLA:Eu2+ phosphor with optimum emission properties, we analyze the vibronic coupling 

effect on the known CBLA2, RNLSO and RNLSO2 phosphors. At this point as shown 

schematically at Figure 9.4, it is useful to recall that in ‘ideal’ cubic symmetry (inverted Oh) 
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EuL8 (L=O, N) cuboid the emissive 8T2g is subject to pseudo Jahn Teller (PEJT) effect towards 

tetragonally distorted cuboids (elongated or compressed along the 4-fold symmetry axis) 

leading to D4h symmetry through coupling with the eg vibrational modes. In practice, for 

example in the presence of more than one cuboid, the situation is more complex as coupling 

with the respective 𝑡&s  is enabled, leading to a series of  *T&¯⨂(e¯ +	t&¯), PEJT along the 

tetragonal distortion pathway.  

As discussed in Section 11.2, in the case of CBLA2 Eu doping at Ba2+ centers results in 

tetragonally elongated EuN8 cuboids with volume 37.5 A3 surrounded by tetragonally 

elongated BaN8 cuboids of the same volume while doping at Ca2+ centers results in tetragonally 

compressed EuN8 cuboids with volume 29.5 A3 surrounded by tetragonally compressed CaN8 

cuboids of the same volume. Along the list of vibrational modes that influence the emission 

bands in CBLA2 according to their computed Huang-Rhys factors (S)[274, 275], the eg group 

of vibrational modes, illustrated in Figure A. 9 and Figure A. 10a, shows the most significant 

contributions. Not surprisingly these group of modes represents the tetragonal distortion 

pathway of EuN8, BaN8 and CaN8 cuboids. The DLPNO-CCSD(T) potential energy surfaces 

PES were computed as well as the respective emission spectra along the tetragonal distortion 

pathway at both Ba2+ and Ca2+ doping centers. The results are summarized in Figure 12.2 and 

Figure A. 10. 

As seen in Figure A. 10, at the Ba doping centers both the EuN8 cuboids at the doped Ba2+ 

center and the BaN8 cuboids of the undoped centers maintain practically similar cuboid 

volumes along the tetragonal distortion pathway (~37A3 at Q=0,  ~33 A3, at Q=6). In contrast 

at the Ca doping centers the EuN8 cuboid compress further (from 29.5 A3 to 28.85 A3) while 

the CaN8 ones expand (from 30.5 A3 at Q=0 to 37.3 A3 at Q=6). A similar trend is observed in 

the computed emission spectra shown in both Figure A. 10 and Figure 12.2. In fact, along the 

compression pathway the emission arising from Eu2+-doped Ba2+centers remains unaffected in 

terms of energy position and absolute intensity the respective emission band arising from Eu2+-

doped Ca2+ centers becomes blue-shifted with increasing intensity. Along the tetragonal 

distortion pathway at normal mode value Q=3 it actually overtakes the total intensity while at 

Q=6 dominates the emission signal providing a unique red emission band at ~14300 cm-1. It 

becomes evident that structural modifications that could stabilize the Eu2+-doped centers 

around the Q=6 magnitude of the axial compression pathway would potentially lead to an 

unprecedented narrow band red-emitting phosphor.  
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Figure 12.2. a) DLPNO CCSD(T) PES of the CBLA2:Eu2+ and  CBLA:Eu2+ model structures 

at both the Ca2+ and Ba2+ doping centers,  along the respective  𝑒s and 𝑡&s tetragonally distorted 

pathways. b) The normalized ESD/TDDFT/PBE0 computed emission spectra of the 

CBLA2:Eu2+ model along the 𝑒s tetragonal distortion pathway. c) The normalized 

ESD/TDDFT/PBE0 computed emission spectra of the CBLA:Eu2+ model structure along the 

respective  𝑡&s tetragonal distortion pathway. The relevant energies follow the   CBLA2:Eu	&r

+&³¨
�⎯⎯�
r&¶¨

CBLA:Eu⬚
&r	and	CBLA2:Eu	&r

+&¶¨
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r&³¨

CBLA:Eu	&r	and transformations at the Ca2+ and 

Ba2+ doping centers, respectively. 

 

 Hence in a next step at the trimer model CBLA2:Eu2 structures containing Ca2+ doping 

centers we exchange the Ca2+ undoped centers with Ba2+ in order to better accommodate the 

MN8 (M=Ca2+, Ba2+) expansion along the EuN8 compression pathway. Likewise, at the trimer 

structures that contain Ba2+ doping centers we exchange the bulky Ba2+ centers with the smaller 

Ca2+ centers in an effort to minimize any remaining geometric strain at the CaN8 cuboids along 

the EuN8 compression pathway. In this way the host cuboid asymmetric sequencies Ba2+--- 

Ca2+--- Ba2+ and Ca2+--- Ba2+--- Ca2+ that are actually present in CBLA are formed. This is 

shown in Figure A. 11. As expected, this structural modification creates an asymmetry at the 

doped Ca2+ and Ba2+ sites in both the dopped EuN8 cuboids (35.8 A3 at Ca2+ site, 43.7 A3 at 

Ba2+ site) and undoped BaN8 cuboids (33.2 A3 at Ca2+ site) and CaN8 cuboids (32.4 A3 at Ba2+ 
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site) at the formal CBLA2:Eu2+ equilibrium structure (Q~0). This is reducing further the local 

cuboid symmetries from D4h to C2h. This activates a combination of 𝑒s and 𝑡&s modes that lead 

the tetragonal distortion. Allowing the system to relax along the tetragonally compression 

pathway we compute once again the relevant CBLA:Eu2+ model PES.  

In order to be able to compare the energetics between the CBLA2:Eu2+ and CBLA:Eu2+ 

PESs, the CBLA:Eu2+ is constructed on the basis of the	CBLA2:Eu	&r

+&³¨
�⎯⎯�
r&¶¨

CBLA:Eu	&r	and	CBLA2:Eu	&r
+&¶¨
�⎯⎯�
r&³¨

CBLA:Eu	&r	and transformations at the Ca2+ and 

Ba2+ doping centers, respectively. As seen in Figure 12.2a at the Ca2+, Eu2+-doped site the 

CBLA:Eu2+ PES in comparison to the CBLA2:Eu2+ PES stabilizes at Q=3 at about 12 

kcal/mole indicating that along the tetragonal distortion pathway the transformation of 

CBLA2:Eu2+ to CBLA:Eu2+ is energetically feasible. In contrast, no significant stabilization is 

observed of the CBLA:Eu2+ over the CBLA2:Eu2+ at the Eu2+-doped Ba2+ centers. The relevant 

computed emission spectra are provided at Figure 12.3a and Figure A. 11. Interestingly, the 

intensity overtake at the Eu2+-doped Ca2+ centers happens already at Q=2, in comparison to 

model CBLA2:Eu2+ (Q=4) and at Q=3 the emission is dominated by the Eu2+-doped Ca2+ 

centers showing a red emission band at 14700 cm-1. The respective emission band 

corresponding to the Eu2+-doped Ba2+ centers is shifted to higher energies and loses practically 

its intensity at Q=3. 

12.3.3. CBLA an ‘ideal’ hypothetical host for a red Eu-doped 
phosphor with extraordinary emission properties    

In the previous section the structural modifications that are necessary to transform 

CBLA2:Eu2+ phosphor to a unique narrow band red emitting phosphor were discussed in detail. 

This in principle requires the presence of a hypothetical host with 1) containing an asymmetric 

sequence of cuboids around the Ca and Ba doping centers. For example, sequencies of cuboids 

with Ba2+---Ca2+---Ba2+ and Ca2+---Ba2+---Ca2+ building units and 2) formation of EuN8 

cuboids so that the Eu	4f9:q ↔ Eu	5d9&+:& electron decay represent dipole allowed processes. 

Looking into the structural characteristics of the isotypic CBLA2, RNLSO2 and RNLSO 

we demonstrated in the previous sections that formation of the Ca3Ba[LiAl3N4]4:Eu2+, CBLA 

host structure that is isotypic to RNLSO adopting the tetragonal (I4/m) space group fulfils the 

above structural requirements (Figure A. 12). Hence in a last step of our analysis the optical 

absorption and emission characteristics for the hypothetical CBLA:Eu2+ phosphor are 
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discussed. In fact, as is seen in Figure A. 13a in the hypothetical Ca2+ and Ba2+ are alternating 

in the same channel forming cuboid sequences with Ca12+--- Ba2+--- Ca12+ (or equivalently 

Ba2+--- Ca12+--- Ba2+) with elongated and compressed central cation BaN8 and Ca1N8 cuboids 

as well as Ca22+--- Ca22+--- Ca22+ ones with elongated Ca2N8 cuboids. As shown in Table A. 

7, all these doping positions are in principle available for Eu doping. As expected, the computed 

absorption spectrum shows distinct energy separation (~0.5 eV) between local (4f-5d) and 

metal to ligand charge transfer (MLCT) bands resulting in a potentially thermally stable Eu 

doped phosphor. According to the NTO analysis at the Eu2+-doped Ca12+centers emission from 

the C2h symmetric compressed EuN8 cuboid is dominated by Eu	4f9:q ↔ Eu	5d9"+:" electron 

decays, while at Ba and Ca2 doped centers, emission from C2h symmetric elongated EuN8 

cuboid emission is dominated by Eu	4f9:q ↔ Eu	5dq& electron decays. 

As seen in Figure 12.3 and according to the expectations from the descriptors relations 

(Figure A. 14 and Table A. 8) the computed emission spectrum is characterized by a unique 

narrow red band with FWHM 1170 cm-1 (56 nm) at 14800 cm-1 originating by the Eu2+ -doped 

Ca12+ centers. In this concept, CBLA:Eu2+ can be seen as a candidate derivative of CBLA2:Eu2+ 

with considerably improved photoluminescence properties. However, all the above require 

confirmation from the actual synthesis of CBLA:Eu2+ phosphors. We believe that the present 

study serves as an example of how systematic computational chemistry can be used to aid the 

synthetic efforts towards novel phosphor materials. 

 

Figure 12.3. a) CBLA, calculated TD-DFT/PBE0 absorption (blue; solid and dashed lines 

plotted with gaussian broadening 1500, 3000 cm-1, respectively) spectra and ESD/TD-

DFT/PBE0 calculated (red) emission spectra.  Filled colored bands indicate individual 

contributions of the different Eu2+-doped centers. b) The 1st transition responsible for emission 

upon relaxation for all the candidate Eu2+-doped centers (Ca(1)2+, Ca(2)2+, and Ba2+). 
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12.4. Conclusions 

In conclusion, till this point we have showcased the effectiveness of the proposed protocol 

in accurately predicting the emission properties of Eu2+-doped phosphors. The insights gained 

underscore the significant role of theoretical investigations in guiding and enhancing synthesis 

efforts. This not only refines existing Eu2+-doped phosphors but also paves the way for the 

development of innovative phosphors with tailored optical properties for diverse technological 

and industrial applications. A prime illustration, is the CBLA2 phosphor, featuring noteworthy 

narrow band emission in the red region. However, a notable limitation is its emission in the 

infrared (IR) region. This chapter served as an advancement in our exploration, unveiling the 

potential for a systematic enhancement of the emission properties of the CBLA2:Eu2+ 

phosphor. Through in-silico synthesis, a novel CBLA:Eu2+ phosphor was proposed, 

showcasing unprecedented narrow band red emission characteristics. 

Finally, achieving precise control over the characteristics of the emission band requires a 

more profound comprehension and manipulation of the underlying parameters governing the 

emission process. Consequently, the forthcoming chapter seeks to enhance our understanding 

of emission band behavior and deeper insight into the mechanisms governing emission 

intensity, alongside investigating the quantum efficiency of narrow-band phosphors. This 

endeavor involves an extension of the established computational protocol to incorporate 

multiplet effects, including spin-orbit and spin-vibronic couplings. In parallel, the defined 

electronic descriptors can be expanded in an effort to possible identify new materials that can 

serve as narrow band phosphors with tailored properties.
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13 Broadening Mechanism of Luminescence in Narrow-
band Eu2+-doped Phosphors 

13.1. Introduction 

In continuation of our investigation into Eu2+-doped phosphors, this chapter focuses on 

elucidating the principles governing the band broadening mechanism in Eu2+-doped narrow 

band phosphors. Specifically, our objectives are to explore the correlations between crystal 

structure variations in different hosts and luminescence, comprehend the relaxation 

mechanisms driving the broadening of luminescence spectra, and investigate the interplay 

among electronic, magnetic, and vibrational states influencing spectral profiles. 

As illustrated through the last three chapters that, it is possible with careful setup 

intertwining DFT/TD-DFT based methods with ESD approach to successfully reproduce the 

room temperature (RT) luminescence spectra of Eu2+ doped narrow band phosphors and 

provide a satisfactory electronic structure analysis of the predominant transitions. For instance, 

this protocol was able to unravel the significance of the Eu(5d)-L(2p) covalency of the 4f5d-

based emissive states, and the mechanism this is influencing the broadening of the emission. It 

was also able to probe the implications that arise from MLCT crossing the localized 4f65d1→ 

4f7 main relaxations on the broadening and thermal stability of emission in such phosphors.[80] 

However, the complete picture of the predominant factors that impact the luminescence spectra 

leading to narrow emission bands are still elusive requiring further and accurate investigations 

from both experimental and theoretical perspectives.  

Hence as a next step we expand our investigation efforts to involve experimental 

luminescence spectra at both room (300K) and low (6K) temperatures, providing an 

opportunity to explore spectroscopic and electronic structure descriptors influencing 

luminescence mechanisms on both the static and dynamic limits. In fact, low temperature 

(cryogenic) luminescence spectra are more informative and provide advantages for discerning 
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the intrinsic properties of luminescent materials. They allow for isolation of specific features, 

and gaining insights into radiative decay, transitions, and lifetimes. These spectra are 

characterized by sharper peaks due to reduced thermal energy, minimize thermal quenching, 

enhance resolution, and boost sensitivity in spectroscopic analysis.  

It should be emphasized that comprehensive understanding of the luminescence, requires to 

expand our analysis beyond the so far described DFT-based computational protocol. In fact, 

problems of such complexity require to employ multiconfigurational wavefunction (MC WF) 

-based methods. These methods have been proven instrumental in enabling the study of excited 

states with diverse nature, probing ligand filed, charge transfer states and excel in accurately 

capturing the impact of both static and dynamic correlation. In addition, enhanced by state-of-

the-art relativistic Hamiltonians and spin-orbit coupling treatments, this approach delivers 

reliable descriptions magnetic structure of states and interactions between an optically active 

center and the host. This approach has demonstrated its accuracy and efficacy in interpreting 

electronic and magnetic structure and remarkable quantitative agreement with experimental 

absorption, and luminescence spectra of transition metal [79, 85, 87, 136, 137, 140, 146, 182, 

445, 446] and rare-earth transition metal ions[79, 85, 87, 136, 137, 140, 146, 182, 445, 446] 

and rare-earth transition metal ions.[74, 136, 137, 446-448] 

In this study, we focus on set of Eu2+-doped phosphors cases (SLA, CBLA2, SMS, SALON, 

and SLBO), characterized by specific ligand environments and crystalline matrices and 

correlation with emission band characteristics. By analyzing the impact of covalency, spin-

orbit coupling, and vibronic couplings across these diverse systems, we aim to establish 

overarching principles governing the relaxation and broadening mechanism and selection rule 

of the luminescence in Eu2+-doped phosphors. To achieve that with high accuracy, the 

electronic structure, transitions (excitations and deexcitations) are studied and calculated with 

MC WF-based methods. In particular, the state average complete active space self-consistent 

field in conjunction with N-electron valence second-order perturbation theory (SA-

CASSCF/NEVPT2) is employed, taking into account relativistic effect by spin-orbit coupling 

(SOC). The properties of magnetic (SOC) states and their spin-vibronic coupling with the 

environment are studied by zero-field splitting (ZFS) with corresponding parameter (𝐷, 𝐸/𝐷)  

of ground and emitting-excited states employing effective spin Hamiltonian approach. 

Luminescence spectra are calculated at different temperature by the excited state dynamics 

(ESD) path integral protocol[273-275] to account for vibronic couplings at Frank-Condon (FC) 

and Herzberg–Teller (HT) limits.  
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The employed computational strategy towards understanding the broadening mechanism, is 

schematically represented in Figure 13.1 (a-c). It will be shown that the above computational 

approach is able to unequivocally interpret all the experimental features and unravel the 

complex intensity mechanism of the photoluminescence in Eu2+-doped narrow band 

phosphors.  

It will be shown that the magnetic structure, especially, of the ground state is very crucial as 

is impacted by the Eu-L covalency interactions. In addition, we will draw special attention to 

the significance of HT coupling and vibronic transitions to accurately calculate and understand 

the emission spectra, and relaxation times. 

The insights gained in this study, aim to contribute to the engineering of innovative Eu2+-

doped materials with fine-tunable luminescence properties for applications in lighting, 

displays, and sensing. 

 

Figure 13.1. Schematic representation of the most important interaction/couplings controlling 

the broadening mechanism in solid-state phosphors. a) ZFS and anisotropy of the states 

controlled by SOC, relative energy (in units of D) of ZFS of octet multiplet (S = 7/2) state for 

(D > 0	axial	and	|E/D| = 0	rhombic	ZFS), the order is reversed in case (D < 0). b) of the 

effect of spin-vibronic coupling in perturbing the GS and ES relativistic state through mixing 

with higher state through SOC and it effect on the emission broadening mechanism c) the fine 

vibronic transitions between the relativistic SOC state. 
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13.2. Study Set 

A set of Eu2+-doped phosphors were selected for the study, where they encompass a diverse 

range of symmetries, lattice structures, and bonding environments, each contributing to their 

unique luminescent properties. The set includes the NIR and red-emitting 

CaBa[Li2Al6O8]2:Eu2+ (CBLA2)[124], the red-emitting Sr[LiAl3N4]:Eu2+  (SLA)[329],  

Sr[Mg3SiN4]:Eu2+ (SMS)[449], Sr[Al2Li2O2N2]:Eu2+ (SALON)[125], and the blue-emitting 

SrLi2[Be4O6]:Eu2+ (SLBO)[126] phosphors. phosphors. The structural and geomatical 

properties of the selected phosphors’ hosts and Eu2+ doped cuboids have been discussed 

previous, refer to Sections (10.2 and 11.2), Figure 10.1, Figure 11.1, Table 10.1 and Table 

11.1. 

While for SMS, SALON, and SLBO, they have only single candidate for Eu doping (Sr2+), 

SLA and CBLA2 have two metal centers for the Eu doping. So, for simplicity through this 

chapter, S1LA and S2LA refer to SLA doped at Sr12+ and Sr22+ centers, respectively. Similarly, 

CBLA2 and CBLA2 refer to CBLA2 doped at the Ca2+ and Ba2+ centers, where the doping 

center is bolded. 

13.3. Experimental Spectra 

The experimental emission spectra of the studied (SLA, CBLA2, SMS, SALON, and 

SLBO):Eu2+-doped phosphors recorded at room (300K) and cryogenic (6K) temperatures are 

provided in Figure 13.2 and important features of the spectra are summarized in Table 13.1. 

The investigation of emission spectra at room temperature (RT) has been covered in earlier 

chapters (Sections 10.3 and 11.3). However, the emission spectra at lower temperatures reveal 

intriguing feature changes. These spectra offer valuable insights into the luminescent behavior 

and properties of these phosphors, contributing to a better understanding of the underlying 

broadening mechanism. Consequently, they are given more focus and emphasizing changes in 

the luminescence due to decrease in temperature. 

Generally, the luminescence spectra are blue-shifted with the reduction in ligand field 

strength (LFS), corresponding to the expansion of the [EuL8] cuboid or the transition from 

nitride (L=N3-), oxynitride (N3-/O2-) to oxide (O2-) ligands in the 1st coordination ligands. The 

6K emission spectra exhibit no significant shift in emission band max. energy (E	`¨°t`� ) in 

comparison to the 300K spectra. However, the emission band becomes narrower with 
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temperature-dependent broadening reduction  Δδ	(= FWHMj**»
	 − FWHM�»

	 ) ranging 

between ~ 410-932 cm-1. 

At 6K, the spectra are more structured and vibronically resolved in SLA and CBLA2 

phosphors accompanies with large Δδ. For SLA, while it has two doping sites but exhibits only 

one peak at both low and high temperature. SLBO also exhibit some resolution with a clear 

splitting of the emission band at low temperature but with small Δδ. In SMS and SALON, no 

vibronic progression is detected at 6K again with small Δδ.  

In SLA and CBLA2 the reduction of the bandwidth (Δδ) occurs from both low- and high-

energy bandsides (stokes and anti-stokes bandsides) with (Δδ	~	680, 860 and 630 cm-1) for 

SLA and CBLA2 at Ba2+ and Ca2+ doping sites, respectively. In SMS, SALON, and SLBO, 

(Δδ) occurs mainly on the anti-stokes bandside, with (Δδ	~	240, 410 and 400 cm-1), 

respectively.  

Overall, temperature-dependent broadening is clearly and consistently observed across the 

different studied phosphors. Low temperatures reveal variations in observed spectroscopic 

features, prompting a thorough investigation of the origin of these divergent observations in 

the subsequent sections. 

13.3.1. What defines the narrow band broadening in narrow band 
phosphors? 

The emission band is defined by its energy position, intensity, and bandwidth. Conventionally, 

the bandwidth of optical bands is conventionally determined on the basis of the magnitude of 

full width at half maximum (FWHM). Hence FWHM is used as a ‘ruler’ that in a first 

approximation can categorize the different optical bands (or respective emitter) as broad or 

narrow (phosphor). However, in the case of the narrow band phosphors this ruler loses 

sensitivity. For example, in the case of Eu2+-doped phosphors SLBO and SALON, on the 

wavelength scale FWHM amounts to 25 and 48 nm at 300K and 17 and 31 nm at 6K. That is 

consistent with their assignment as “ultra-narrow” blue- and “narrow” red-emitting phosphors, 

respectively. However, on the wavenumber energy scale the two phosphors have same FWHM 

1220 cm-1 at 300K. In contrast, at low temperature (6K) the order of the FWHM values is 

reversed, with respect to nm scale, amounting to 810 cm-1and 820 cm-1 for SALON and SLBO, 

respectively. 
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Furthermore, this study reveals that categorizing the emission process of Eu2+-doped 

phosphors as ultranarrow, narrow, or broad, as commonly done in literature, [125, 126, 329] is 

a more complex task than initially perceived. In fact, the luminescence in Eu2+-doped 

phosphors is very complex and challenging to study. Some of the complexities have been 

summarized in the introduction Chapter 8. Through this study, we will show that while some 

phosphors exhibit very similar bandwidths, they can follow distinct relaxation pathways 

influenced by various factors. In fact, the oversimplification in these and similar phosphors 

systems can be misleading and may result in incorrect or contradictory explanations.[74, 440, 

450] 

 

Figure 13.2. Experimental Emission spectra at 6K (red) and 300K (black) of the studied (SLA, 

CBLA2, SMS, SALON, SLBO):Eu2+-doped phosphors. 
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Table 13.1. Experimental emission spectra band max. energy (E	`¨°t`� ), color, bandwidth 

(FWHM) at 6K and 300K, and temperature-dependent broadening 	

Δδ	(= FWHMj**»
	 − FWHM�»

	 ) for the studied (SLA, CBLA2, SMS, SALON, SLBO):Eu2+-

doped phosphors. The exp. excitation laser used for the emission measurement is also given. 

All energies are given in both cm-1 and nm, where the latter are given in square paratheses. 

Phosphor Excitation laser 
(cm-1) [nm] 

Experimental Emission Band 

Color E`¨°t`� FWHMj**»
	  FWHM�»

	  Δδ 
(cm-1) [nm] 

Sr[LiAl3N4]:Eu2+ 

SLA[329] 
22727 
[440] red 15385 

[650] 
1180 
[50] 

500 
[23] 680 

CaBa[LiAl3O4]2:Eu2+ 

CBLA2[124] 
22523 
[444] 

red 15674 
[638] 

1230 
[50] 

370 
[15] 860 

NIR 12658 
[790] 

1430 
[89] 

800 
[50] 630 

Sr[Mg3SiN4]:Eu2+ 

SMS[449] 
22222 
[450] 

red 16250 
[615] 

1140 
[43] 

900 
[34] 

240 

Sr[Al2Li2O2N2]:Eu2+ 
SALON[125] 

22222 
[450] red 16260 

[614] 
1220 
[48] 

810 
[31] 410 

SrLi2[Be4O6]:Eu2+ 

SLBO[126] 
25000 
[400] blue 21978 

[455] 
1200 
[25] 

820 
[17] 400 
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13.4. Theory 

13.4.1. Zero-Field Splitting (ZFS) and Effective Spin Hamiltonian 

As have been discussed in Sections 4.4.5-4.4.7, owing to the strong SOC by Eu2+, the ground 

and excited states, with spin 𝑆, split into Kramer’s doublets (KDs) with spin projection 

quantum numbers (𝑀𝑠) taking values −𝑆, 𝑆 + 1, . . , 𝑆. As shown in Section 4.4.7, SOC can be 

treated in the framework of quasidegenerate perturbation theory (QDPT).[140, 149] And the 

relativistic state *�Ψxf<�,,  the SOC-corrected wavefunction, can be represented by  

|Ψx
f&⟩ = |Φx

l,f&⟩ 		+   |Φ}
l',f&'⟩

¢Φ}
l',f&'£𝐻lmL£Φx

l,f&¤

𝐸} − 𝐸x
f&'l'}ax

 (13.1) 

where, |Φx
l,f&⟩ and |Φ}

l',f&'⟩ are the non-relativistic states separated with energies 𝐸x and 

𝐸}, respectively. 𝐻lmL  is spin-orbit coupling Hamiltonian which depends on the electronic 

configurations and symmetry of, and inversely to the energy difference between coupled states. 

In the absence of an external magnetic field, the magnetic energy levels of both the ground 

and the lowest excited states undergo a splitting by both effects of the SOC and the surrounding 

environment, this is known as zero-field splitting (ZFS). For  Eu2+, the octet (𝑆 = 7/2) ground 

S�/&		
« state and lowest excited (emitting) state of the excited { F	� ⨂ D	' }	

«  multiplet, each of these 

states split into eight relativistically corrected SO-states, each grouped in 4 KDs, with 𝑀𝑠 =

±7/2, ±5/2, ±3/2, ±1/2.  

The energy description of the ground and lowest excited states can be described with 

effective spin-Hamiltonian (SH) formulation at zero field (ZFS), excluding nuclear interaction, 

as depicted in Equations (4.39)-(4.41) and within an (𝑆 = 7/2) excited multiplet, ZFS matrix 

takes the form 
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𝐻"!,()! =

⎝

⎜
⎜
⎜
⎜
⎜
⎜
⎜
⎜
⎛

	 |+ 7 2⁄ ⟩ *+ 5 2⁄ + |+ 3 2⁄ ⟩ |+ 1 2⁄ ⟩ |− 1 2⁄ ⟩ |− 3 2⁄ ⟩ *− 5 2⁄ + |− 7 2⁄ ⟩
⟨+ 7 2⁄ | 7𝐷 0 √7√3𝐸 0 0 0 0 0

.+ 5 2⁄ * 0 𝐷 0 3√5𝐸 0 0 0 0

⟨+ 3 2⁄ | √7√3𝐸 0 −3𝐷 0 2√15𝐸 0 0 0

⟨+ 1 2⁄ | 0 3√5𝐸 0 −5𝐷 0 2√15𝐸 0 0

⟨− 1 2⁄ | 0 0 2√15𝐸 0 −5𝐷 0 3√5𝐸 0

⟨− 3 2⁄ | 0 0 0 2√15𝐸 0 −3𝐷 0 √7√3𝐸
.− 5 2⁄ * 0 0 0 0 3√5𝐸 0 𝐷 0

⟨− 7 2⁄ | 0 0 0 0 0 √7√3𝐸 0 7𝐷 ⎠

⎟
⎟
⎟
⎟
⎟
⎟
⎟
⎟
⎞

  (13.2) 

with 𝐷 = 2/3𝐷q , 𝐸 = (𝐷9 − 𝐷:)/3 and finally leading to SH (𝑆 = 7/2) as in Equation 

(13.2). In case of axial, or near axial conditions where 𝐸~0, the 4 Kramers doublets are spitted 

by 7D, D, -3D, -5D, energy units, as shown in Figure 13.1a. The ZFS (𝐷 and 𝐸/𝐷) parameters 

are usually used to describe the magnetic structure of the relativistic states. The ZF splitting 

arises due to interactions within the electrons’ environment, primarily stemming from SOC and 

the asymmetry of the local environment. 

 

13.4.2. Theory of photoluminescence relaxation times  

The transition rate of spontaneous luminescence between a set of relativisitcally corrected 

initial (excited) |Ψx� and final (ground) |Ψv⟩ state(s) is given by the general expression of the 

Fermi’s golden rule: 

𝑘MK(𝜔) =
4𝜔MKj𝑛&

3ℏ𝑐j  𝐵x(𝑇)/𝑍 ��Ψv�𝜇̂�Ψx��
&

v

𝛿*𝐸vx ± 𝜔MK,	
x

 (13.3) 

where 𝜇̂ defines the electric dipole operator as 𝜇̂ = ∑ 𝑍�𝑅��� −∑ 𝑟̂(( ,  here A sums over nuclei 

with charges ZA at positions 𝑅��, 𝑖	over the electrons,  𝑛 is the refractive index, ℏ is the reduced 

Planck constant.  𝐵x(𝑇), 𝑍 are the Boltzmann population of the excited states at temperature 

𝑇, and partition function. 

Under the adiabatic approximation, the electronic and vibrational wavefunction can be split, 
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𝑘MK(𝜔) =
4𝜔MKj𝑛&

3ℏ𝑐j  𝐵x(𝑇)/𝑍 �𝜇vx
b,>�

&

v

�𝜒v�𝜒x�
&𝛿*𝐸(? ± 𝜔MK,	

x

 (13.4) 

where, 𝜒v is the vibrational WF and �𝜒v�𝜒x�
& is the Frank-Condon (FC) coupling factor between 

PESs of states 𝐼, 𝐽 and  𝛿 is the correlation function. 𝜇vx
b,> is the electronic transition between 

the relativistic states and can be written as, 

𝜇vx
b,> =   

¢Φv
l,f&£𝐻v}lmL

f&,f&'£Φ}
l',f&'¤ ¢Φ}

l',f&'£𝜇b,c£Φx
l,f&¤

𝐸} − 𝐸v
f&'l'} 	

+   
¢Φv

l,f&£𝜇b,c£Φ}
l',f&'¤ ¢Φ}

l',f&'£𝐻}xlmL
f&,f&'£Φx

l,f&¤

𝐸7 − 𝐸x
f&'l'}

 (13.5) 

where, in the first and second terms the ground state 𝐼 and excited state 𝐽 are SOC-perturbed, 

respectively.  𝜇b,c , is the electronic transition between the non-relativistic states given by Φ. 

Due to the large energy gap between the ground 𝐼 and excited states {𝐾}, the first term can be 

safely dropped, and the equation can be simplified as follows 

𝜇vx
b,> = 𝜇v}

b,c𝐻}xlmL
}

 (13.6) 

where 𝐾 runs for all the excited states including 𝐽 and  

𝜇v7b =  ¢Φv
l,f&£𝜇£Φ}

l',f&'¤
f&'l'

 (13.7) 

𝐻7xlmL =  
¢Φ}

l',f&'£𝐻}xlmL
f&,f&'£Φx

l,f&¤

Δ𝐸}x
f&'l'

 (13.8) 
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Inclusion of vibronic coupling, assuming that electronic transition dipole 𝜇vxb  vary slowly 

with respect to the nuclear motion, so the transition dipole can be expanded as Taylor’s series 

around the equilibrium geometry (𝑄 = 0) is given by 

𝜇		(𝑄) = µ(Q = 0) + 
𝜕𝜇
𝜕𝑄e

K
�/_*

𝑄e +
1
2 

𝜕&𝜇
𝜕𝑄e𝜕𝑄g

�
�/,1_*

𝑄e𝑄g +⋯	
e,g

	
e

 (13.9) 

where, 𝑄 represents the vibrational normal mode coordinates and 𝛼 is the vibrational normal 

modes, for 3𝑁 − 6 modes. Equivalently it can be given by 

𝜇vxb (𝑄) = 	µ*	e¼�  (13.10) 

where, µ* is the transition probability before vibronic coupling (FC),  𝜉 is the vibronic coupling 

½�∑ |(=
. ~=>

)?@
= �

½�/
. Up to second order the different contributing terms can be represented by the 

matrix presented in Scheme 13.1. 

 

 

 

Scheme 13.1. Schematic representation different vibronic coupling, growing from 0th (in 

red),1st (linear, in green), to 2nd (quadratic, in blue) order Herzberg-Teller coupling (HT) and 

spin-vibronic coupling (SVC) on columns and rows, respectively. The 0th order of vibronic 

coupling (both HT and SVC) give the Frank-Condon coupling (FC) limit. 
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Excluding the higher (2nd,..) order terms due to their  difficulty to calculate, 

𝜇vxb (𝑄) = 𝜇v7b 𝐻7xlmL

7

(0) + 
𝜕*∑ 𝜇v7b 𝐻7xlmL7 ,

𝜕𝑄e
�
*
𝑄e

e

 (13.11) 

where, the first term represents the FC limit. The second terms give the linear vibronic coupling 

of SOC and electronic transition dipole. That can be pictorially shown as in Scheme 13.1. 

From Equation (13.11),  

o at  the FC limit (𝜉 = 0), the relaxation rate 𝑘MK (also time 𝜏MK = 1/𝑘MK	) and total 

electronic transition between 𝐼, 𝐽 states is in linear relation with the nonrelativistic 

transition dipole between ground 𝐼 state to the excited states manifold {𝐾} as 𝜇v7b  and 

their SOC coupling 𝐻7xlmL . 

o While at the HT limit (𝜉 ≠ 0), the relaxation rate 𝑘MK will grow exponentially with 

increasing the vibronic coupling. The vibronic coupling will play critical rule and 

dominate the relaxation processes, emission band broadening as we see in the main text. 

 

13.5. Computational Details 

All calculations were performed employing the ORCA 5.0 suite of programs.[354, 355, 411, 

412] Crystal structures’ coordinates were taken from the crystallographic data,[124-126, 329-

331, 449] refined based on the experimental crystallographic X-ray diffraction.  refined based 

on the experimental crystallographic X-ray diffraction. All the clusters were constructed on the 

basis of the embedded cluster approach, as discussed in Section 7.3. While, as shown in 

Chapters 10 and 11, cluster size has been converged in some cases to dimer and in some other 

cases to trimer cluster, so, for sake of consistency, trimer clusters are employed for all the 

studied phosphors. In each cluster, the Eu will replace the central metal ion in the center 

(Ca/Sr/Ba). For phosphors featuring multiple Eu2+ doping centers, they are treated in separated 

clusters, where only the studied center is replaced with Eu ion. All the other cluster preparation 

details have been done and discussed previously in Sections 10.5 and 11.5. 

In all calculations, the relativistically re-contracted  def2-TZVP basis set of the Ahlrichs 

group[406, 407] were used for all main group element atoms while for Sr, Ba and Eu the 

segmented all-electron relativistically re-contracted (SARC) scheme[397-400] was employed. 
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was employed. was employed. The calculations were accelerated by employing the resolution 

of identity approximation (RI)[413] for the Coulomb integrals, while the exchange terms were 

efficiently computed using the ‘chain-of-spheres’ (COSX)[414, 415] approximation by 

utilizing the SARC/J  coulomb fitting and def2-TZVP/C correlation auxiliary basis sets, 

respectively. Second-order Douglas-Kroll-Hess relativistic corrections (DKH2)[401, 402] 

were used throughout to account for scalar relativistic effects, employing the finite nucleus 

model.[403] 

SA-CASSCF[169, 184, 193, 395] method in conjunction with NEVPT2[193, 395] was 

employed to compute the electronic structure (ground and excited states manifolds) of the Eu2+-

doped structures. The selected active space was expanded to include Eu 4f, 5d and 5f shells. In 

fact, inclusion of 5f shell is essential, as the inter-shell 4f → 5d	 transitions introduce large 

radial dynamical correlation effects which can be accurately treated by NEVPT2 in conjunction 

with an expanded CAS(7,19), as discussed in Section 9.1.1. 

The energetics and properties of spin states are computed by introduction of SOC in the 

framework of QDPT. [140, 149] As discussed in Section 13.4, the ground and lowest excited 

states are studied in terms of the ZFS parameters (𝐷, 𝐸/𝐷) in the framework of the spin 

Hamiltonian formulation. 

Luminescence spectra at different temperatures (6 and 300K) were computed using SA-

CASSCF(7,19)/NEVPT2/SOC in conjunction with the ESD path integral protocol[273-275] 

includes Duschinsky mixing and vibronic coupling including the zero-order Frank-Condon 

(FC) and first-order Herzberg–Teller (HT) coupling schemes. Huang-Rhys (HR) parameter (𝑆) 

and derivative of the electronic Hamiltonian (𝜉 = 𝜕𝐻/𝜕𝑄) along normal mode 𝑄, are used as 

descriptors for the vibronic coupling on FC and HT coupling limits, respectively. 

In the relativistic limit, the ground and excited (emissive) states consist of four Kramers 

doublets (KDs) each. Hence, the final emission spectra are computed as the sum of all 64 

transitions between 4 excited KDs to the 4 ground KDs, considering the thermal population of 

the excited KDs according to Boltzmann distribution at specific temperature.  

Unless otherwise mentioned, the spectra convolution was initially performed employing a 

constant Gaussian broadening using a 10 cm-1 linewidth in an effort to collect as much as 

possible information about the emission profile and vibronic interactions. Unless otherwise 

stated, a second Gaussian broadening using a 250 cm-1 linewidth was applied for a better visual 

agreement with the experimental spectra. 
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13.6. Analysis of the Electronic and Magnetic Structure of Ground 
and Excited Emissive States 

13.6.1. Non-Relativistic Limit 

To investigate the electronic structure of the Eu2+-doped phosphors under study, SA-

CASSCF(7,19) calculations were conducted averaging over 36 octet and 35 sextet states. This 

can be simply expressed as SA(836,635)-CASSCF(7,19). Then, NEVPT2 method will be 

applied to incorporate dynamic correlation effects. While for free Eu2+ ion, both 4f and 5f are 

degenerate and the lowest excited states are sextet (4f7) excited states (refer to Figure 9.3), 

Eu2+ doping in crystal structure induces splitting in both 4f and 5d orbitals by ligand field effect 

(LFE). Details about symmetries and Eu-L bond length of [EuL8] cuboids are given in Table 

13.2,  Table 10.1, and Table 11.1. 

The splitting and configurations of SA-CASSCF optimized active orbitals are given in 

Figure A. 15 and Table A. 9. The calculated non-relativistic states across the studied phosphors 

are presented in Figure 13.3. Generally, for all the cases, the octet ground state is well isolated 

from all the excited states. While the excited states manifold is dense, it can be categorized into 

two regions with respect to the lowest excited sextet states. The lower region, contains the 

lowest 14 (4f65d1) excited states, representing single electron excitations from all the seven 4f 

to lowest two 5d²"/°"+±"
	

	
	, originated from 𝑒s orbital splitting, see Figure 13.4 b. While the 

upper region contains overlapping between octet states arises from the 21 (4f65d1) excited 

states, arising from all 4f → 5d°±/°²/±²	
	
	 single excitations, and the 35 sextet (4f7) excited states. 

The splitting between the octet manifold between the two regions follow, the splitting of 5d 

orbitals. The total splitting of sextet excited manifold is very similar for most of the cases, with 

two extreme cases CBLA2 and SLBO, in terms of the energy gap between the lowest sextet 

and the ground state (~23000 cm-1) and the total splitting of the manifold (22000 cm-1), such 

similarity reflect the weak impact and less sensitivity of the 4f orbitals and its corresponding 

states to the crystal field effect (CFE). For SLBO and CBLA2, the energy gaps with the ground 

state are ~28000 and 16000 cm-1, respectively while the total splittings of the sextet manifold 

are ~12000 and 30000 cm-1. That again reflects the weakest CFE on 4f orbitals by the pure 

oxide ligand in the former, and the strongest CFE by very compressed nitride local structure in 

the latter, as clearly shown in the splitting of 4f orbitals Figure A. 15. In SLBO, the weak CFE 

also, in addition to higher symmetric local cuboid of 𝐶�, results in degeneracy in 4f orbitals.  
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 Figure 13.3. The energies (in cm-1) of the non-relativistic states across the studied phosphors, 

calculated employing SA(836,635)-CASSCF(7,19)/NEVPT2. The energy gap between the 

ground and lowest sextet state is visually illustrated by dashed gray arrows. 

 

 

Now let us focus on the lowest excited states, which dominate the emission process. As has 

been previously discussed,[80] the (emitting) excited state in Eu2+ doped phosphors comprises 

i4f �5d²"
'
	
	l –  or i4f �5d°"+±"/°±

'
	

	l – based molecular orbital. The splitting is controlled by both 

the host phosphor first (Eu in L8 cube) and second (Eu in L4 square planar) coordination spheres 

around the Eu2+ ion, where the latter have lower impact due to longer distance from the Eu ion. 

In principle lower the symmetry of Eu environment from ideal cubic (inverted 𝑂") symmetry 

lift the degeneracy of the 𝑒s orbitals, as illustrated in Figure 13.4. In fact, for all the studied 

system, the d°"+±"
	

	
	and d°±	 	

	share the same irreducible representations within the Eu local 

environment point group, so they can mix. Lowering of symmetry owning to the synergic 

action of 1st and 2nd coordination spheres may stabilize either 5d°"+±"/°±
	  or 5d²"

	  to dominate 

the lowest excited state, as have been introduced in Section 9.2.2 and summarized in Figure 

13.4. While, for all studied cases, the lowest 5d orbital are clearly split, in SMS, the lowest 5d 

orbitals are very close in energy, while the lowest one is dominated by 5d²"
	 . As well as, in the 

case of S2LA, the two orbitals remain practically quasi-degenerate, both showing mixed 
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i4f �5d²"/°"+±"/°±
'

	

	l, characters, as summarize in Figure 13.4 or in more details in Table A. 9. 

For all cases, the 5d orbitals have some contributions from ligand (	L− 2𝑝) orbitals, where L 

is either N3- or O2-, denoted as the Eu-L covalent interaction or the covalency, while the 4f are 

purely non-bonding.[136, 137] 

Across the study set the GS and ES generally transform as 𝐴𝑢/𝐴	
8  in centrosymmetric/non-

centrosymmetric point groups, respectively. In SLBO, the lowest ES is doubly degenerate	𝐸 

due to degenerate 4f orbitals. Overall, the emission band origin across the study set follows the 

electron decay patterns shown in Table 13.2. 

 

 

Table 13.2. Local cuboid symmetries (Γ), predominant emission transition, and the dominating 

4f orbital during the emission, on the non-relativistic limit, across the study set of phosphors 

and different doping sites.  

Phosphors Doping site Γ Emission process 4f 

Centrosymmetric Structures 

SALON 

CBLA2 

Sr2+ 

Ba2+ 
𝐶&" 𝐴𝑢	

8 (4f65d𝑧2
1 	) → 𝐴𝑢	

8 (4f7	) 4f9:q 

S2LA1) Sr22+ 𝐶&" 𝐴𝑢	
8 #4f65d𝑧2/𝑥2−𝑦2/𝑥𝑦

1 	$ → 𝐴𝑢	
8 (4f7	) 4f9:q 

CBLA2 Sr2+ 𝐷�" 𝐴𝑢	
8 #4f65d𝑥2−𝑦2/𝑥𝑦

1 	$ → 𝐴𝑢	
8 (4f7	) 4f9:q 

Non centrosymmetric Structures 

SMS 

S1LA 

Sr2+ 

Sr12+ 

𝐶& 

𝐶< 
𝐴		
8 (4f65d𝑧2

1 	) → 𝐴		
8 (4f7	) 4f9:q 

SLBO2) Sr2+ 𝐶� 𝐸	 i4f �5d9"+:"/9:
' 	l	

« → 𝐴		« (4f �	) 4f9:q/q(9"+:") 

1) while local environment [EuN8] cuboid transforms as 𝐶BC, it lowers fast to 𝐶D after including neighboring 
cuboids. 
2) the excited state is subject to   ((𝐴⊕ 𝐸)⊗ (𝑒 ⊕ 𝑎)) pseudo Jahn Teller effect (PJT). 
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Figure 13.4. a) Ligand environment of Eu in the studied phosphors, bond distances are given 

for CBLA2 phosphors doped at Ca site. The environment is overlapped N8 cube (in the 1st 

coordination) and N4 square planar (in the 2nd coordination sphere). Atom colors: Eu (cyan), 

Ca (green), and N (blue). b) Splitting of d orbitals by reversed 𝑶𝒉	 1st coordination L8 cube and 

then successive splitting by 𝑫𝟒𝒉	 2nd coordination square planar L4. c) Observed splitting of the 

lowest 5d orbitals (𝒆𝒈	in ideal cubic field) across the different systems.  
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escalates rapidly. In the former scenario, the emissive electronic relaxation can generally be 

described as a one-electron 5d → 4f decay. Specifically, this involves the transition from the 
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combined effects of the crystal and ligand field. In that context, the dominating influence on 

the 5d orbitals is primarily due to the static environmental effect or its dynamic component, 

which manifests in vibronic coupling. As a result, a significant emphasis has been placed on 

examining the characteristics of the 5d orbitals, with particular focus on the lowest one due to 

its pivotal role in the luminescent behavior. 

However, on the relativistic limit, the complete 4f orbital is curial and dominate the 

magnetic structure of both the ground and excited states. First, they are much closer to the 

heavy Eu nucleus leading to much relativistic and SOC effects. Second, owing to the shielding 

of 4f orbitals and the consequent weak environmental effect, they are weakly split with ~4000 

cm-1 for all studied phosphors, (again with two extremes ~2000 and ~8000 cm-1  for SLBO and  

CBLA2), compared to ~40000 cm-1 total splitting in 5d orbitals, as show in Figure A. 15. 

The calculated relativistic states across the studied phosphors are presented in Figure 13.5. 

Generally, for all the cases, all the states are split into KDs. While, the ground KDs are well 

isolated from the excited KDs, the excited state manifold is very dense characterized by one or 

two continuous bands. 

Again, focusing on the octet ground (GS) and lowest excited (ES) states. At the relativistic 

limit, both parent non-relativistic octet, acceptor GS and donor ES are splitting into 4 KDs, 

with 𝑀< components 𝑀< = ±7/2,±5/2,±3/2,±1/2.  For GS, they mix only weakly with 

higher excited states but exhibit strong mixing in ES. SOC strength i=

á𝑅𝑒(𝑆𝑂𝐶)& + 𝐼𝑚(𝑆𝑂𝐶)&	l, between the emissive excited state 	|Ψ'	« ⟩ with all the higher 

	|Ψx	&lr' �  states can be estimated by the following relation. 

SOC	 =   			    
� Ψxf<	
&lr' |𝐻lmL| Ψ'f<	

« �
𝐸x − 𝐸'?

	

f&_l+',l,lr'

	

l_�/&,Ë/&

 (13.12) 

where S = 7/2,5/2 and M� can take 𝑆, 𝑆 ± 1,(according to Δ𝑀< = 0,±1 selection rule[271]). 

The energy splitting of the 𝑀< is subject to ground and excited states zero field splitting ZFS, 

quantified by (𝐷, 𝐸/𝐷) parameters. Further details are provided in Section 13.4. 
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Figure 13.5. The energies (in cm-1) of the relativistic states across the studied phosphors, 

calculated employing SA(836,635)-CASSCF(7,19)/NEVPT2/SOC. 

 

 

13.6.2.1. Ground State magnetic structure and ZFS 

As a result, the ZFS in GS 	 	|Ψ*	« ⟩	(4f �	), is weak (|𝐷| < 3	cm-1) and occurs only due to SOC 

interactions with excited spin-flip sextet states 	|Ψx	� �(4f �), while no coupling with excited 

octet 	|Ψx	« �(4f �5d') states, owning to vanishing of ⟨f|h��­|d⟩ = 0 coupling. The coupling 

between octet ground and octet excited state can be possible through covalent interactions 

however, 4f orbital are mainly non-bonding. However, as previously discussed in Section 9.3, 

complete description of the ground state of Eu2+ is like (4f%5d*).[136] Hence in this concept 

the 5d covalent interactions are probing indirectly the bonding characteristics of the ground 

state.  

The ZFS values of ground state across the studied phosphors are given in Table 13.3, and 

non-relativistic and relativistic energy levels are shown in Figure 13.3, and Figure 13.5, 

respectively. 

10000

15000

20000

25000

30000

35000

40000

45000

C
A

SS
C

F
/N

E
V

P
T

2
E

ne
rg

y
(c

m
°

1 )

S1LA S2LA CBaLA CaBLA SMS SALON SBLO
0

CBLA2 CBLA2 SMS SALON SLBOS2LAS1LA10000

15000

20000

25000

30000

35000

40000

45000

C
A

SS
C

F
/N

E
V

P
T

2
E

ne
rg

y
(c

m
°

1 )

S1LA S2LA CBaLA CaBLA SMS SALON SBLO
0



13 Broadening Mechanism of Luminescence in Narrow-band Eu2+-doped phosphors 

 223 

Table 13.3. Calculated ZFS (𝐷, 𝐸/𝐷) parameters of ground state multiplet, across the studied 

set of Eu2+-doped phosphors (SLA, CBLA2, SMS, SALON, SLBO):Eu2+, and their various 

doping sites (𝑀&r). 

Phosphor 𝑀&r 
𝑍𝐹𝑆¤l 
𝐷 𝐸/𝐷 

(cm-1)  

S1LA Sr12+ -2.66 0.07 

S2LA Sr22+ -2.68 0.16 

CBLA2 Ba2+ +0.86 0.18 

CBLA2 Ca2+ +0.21 0.32 

SMS Sr2+ +2.79 0.17 

SALON Sr2+ -0.43 0.04 

SLBO Sr2+ +1.78 0.00 

 

 

The magnetic anisotropy of GS is quantified by ZFS (𝐷, 𝐸). In fact, its explanation is not 

straightforward and need more investigations, however, it is mainly dominated by  

o The energy gap between GS and higher sextet manifold. (the smaller the gap, the stronger 

SOC, and the larger the |𝐷| value and the smaller 𝐸/𝐷) 

o The symmetry around the Eu local environment. (The lower the symmetry, the less 

restriction on SOC between the states) 

o The degree of covalency within the total active space. (the higher covalency, the smaller 

|𝐷|, and the larger 𝐸/𝐷) 

The value and sign of 𝐷 is a measure of the splitting and the direction of stabilization of 𝑀𝑠 

KDs, respectively, as shown in Figure 13.1.  

We can see that some phosphors show ground state with axial anisotropy, 𝐸/𝐷~0 (S1LA, 

SALON, SLBO). 𝐸/𝐷 value can be taken as good indicator of mixing with higher sextet 

manifold. This mixing contaminates the ground state with sextet character, which will slow 

down the relaxation transition from lowest excited state, dominated by octet non-relativistic 
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states. Later (see, Figure 13.7), we will see that the relaxation rate has a strong dependence on 

the anisotropy of ground state.  

13.6.2.2. Excited (emissive) state magnetic structure  

SOC mixing in emitting ES 	|Ψ'	« ⟩(4f �5d'), is in contrast to GS, strong and occurs due to 

mixing with excited spin-conserving octet states 	|Ψx	« �(4f �5d') which are in energy proximity 

to it (< 1000	cm-1). As shown in Figure A. 16, in all cases in principle all 7 non-relativistic 

states (representing the 7 4fP% → 5d transitions, 𝑚N = −3, . . ,3) are required for converging the 

SOC effects in the emissive state. In this concept, the excited state ZFS in the emissive 

multiplet becomes practically undefined. The 4 KDs consisting the emissive multiplet are 

almost equally spacing, separated by 200-300 cm-1. Hence emission occurs practically from an 

isolated emissive KD due to thermal depopulation of higher KDs, approaching zero at 6K. One 

may conclude that in practice for a given phosphor the emission process will depend on the 

nature of the isolated excited emissive KD and the GS magnetic structure. 

The magnetic structure of the excited emissive “multiplet“, depends on three main 

parameters in descending order in terms of their impact as follows.  

o The degeneracy in the parent emissive non-relativistic state. 

o The dependence of the SOC effects to the type of Eu2+ 5d orbital dominating the excited 

state. 

o The covalency of the Eu2+ 5d MO which competes the SOC interactions. In following, 

the covalency (Eu	5d	𝑎&) is directly extracted from involved CASSCF active orbitals.  

 

For the study set of phosphors these factors are summarized in Figure 13.6. First, 

i5d°"+±"/°±
	 l –based ES leads to stronger SOC, For instance (SLBO, ~500 times and SLA2 

~50 times) stronger than the other cases with cases with *5d²"
	 ,–based ES.This is because, the 

former has a strong orbital angular coupling between ⟨	5d°±	 |𝑙q|5d°"+±"
	 ⟩, which is missing in 

the latter, for example compare S1LA and S2LA (SLA doped at Sr1 and Sr2 sites with very 

similar covalency in 5d orbital). In addition, i5d°"+±"/°±
	 l – based ES, show approximate linear 

dependence between SOC magnitude and the covalency of 5d orbitals. In contrast, phosphors 

with *5d²"
	 ,– based ES, show similar ES SOC effects amounting to 100-200 cm-1 and in 

practice no dependence to Eu&r − 5d²"
	  covalency.  
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Finally, across the study set, SLBO shows the largest SOC interactions, extraordinary 

compared to rest cases, in its lowest excited state. That is owning to the degeneracy of the 

emissive excited states adopting electron configurations E	(b'a'e&b'e'b')	
« . In contrast, 

CBLA2, with i5d°"+±"/°±
	 l – based emissive state shows the smaller SOC interactions in line 

with the phosphors bearing a *5d²"
	 ,– based excited state. This is associated with the 

compressed nitride cuboid structure leading to significant covalent between the 5d orbitals and 

the nitride ligands, suppressing the SOC effect. 

 

 

 

Figure 13.6. SOC of the emitting (lowest excited) state against the covalency of the 5d 

manifold. Covalency was calculated as total mixing of 𝐿 − 2𝑝 orbitals in 5d°"+±"/°±
	  or 5d²"

	  

orbitals of SA-CASSCF optimized active space while SOC is computed on the basis of the 

SOC reduced matrix elements following Equation (13.12). 
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13.7. Emission mechanism at the Static Limit. The role of the 
ground and excite state magnetic structures. 

At the static limit the different scenarios of the emission process from in principle an isolated 

excited KD to all possible GS KDs is depicted in Scheme 13.2. 

Consistent with the discussions in Subsection 13.6.2.1, across all studied cases, the GS KDs 

exhibit weak splitting (𝛥𝐸	 < 	50 cm⁻¹), where it can follow either an axial  𝐷 > 0 or 𝐷 < 0 

splitting pattern (e.g. 𝑀𝑠 = ±1/2,±3/2,±5/2,±7/2, for 𝐷 > 0, and vice versa). Large |𝐷| 

and axial  𝐸/𝐷 = 0 GS ZFS is of paramount importance as this leads to GS KDs with pure 𝑀𝑠 

component, restricting the number of possible relaxation pathways and thus resulting in fast 

and narrow band emission in this static limit.  

In contrast, at the lowest excited emissive state ES the magnetic structure, splitting, and 

relaxation, can be classified into 2 main cases as dictated in Scheme 13.2(a,b) and (c,d), the 

lowest, isolated ES KD is dominated by 𝑀𝑠 ±1/2 or ±7/2 components, respectively. 

In this context the emissive processes can be categorized according to the GS ZFS character: 

1) GS with axial ZFS (|𝑫| ≥ 𝟐, 𝑬~𝟎)  (Scheme 13.2(b,c)) 

o The GS KDs are magnetically pure, leading to axial fast relaxation from the lowest 

KDs dominated by 	±1/2 or  ±7/2 for *4f �5d²"
	 ,– and i4f �5d9"+:"/9:

	 l-based 

ES, respectively, leading to a domination of the (Δ𝑀𝑠 = 0) relaxations. 

o This restricts the number of the available relaxations pathways hence leading to 

emission bands with effectively reduced linewidths. 

2) GS with rhombic ZFS (|𝑫|~𝟎	𝐨𝐫	𝑬/𝑫 ≠ 𝟎)  (Scheme 13.2(a,d)) 

o In this case, the GS KDs are mixed, enabling relaxation to all the GS KDs from 

dominating 𝑀𝑠 components in the lowest excited KDs, on the basis of the  Δ𝑀𝑠 =

0,±1 selection rule. 

o As a result, in principle all the GS KDs become accessible and more relaxations 

pathways become available, leading to slower relaxation and larger emission bands 

with broader linewidths in comparison to the axial cases.  

At elevated temperatures (e.g. RT) higher ES KDs may become thermally populated, which 

could in principle contribute emission intensity as well as increase the emission band 

broadening.  
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Scheme 13.2. The two possible relaxation patterns, first, the predominant faster axial 

(Δ𝑀𝑠 = 0) relaxations pattern in both b) and c) the GS follow an axial magnetic structure 

(|𝐷| ≥ 2, 𝐸/𝐷 = 0). Additionally, in b) the lowest ES KDs is dominated by ±1/2 due to 

*4f �5d²"
	 ,–based ES  ("𝐷 > 0") while in c) it is dominated by ±7/2 due to 

i4f �5d9"+:"/9:
	 l –based ES  ("𝐷 < 0"). Second, both axial and rhombic (Δ𝑀𝑠 = 0,±1) 

relaxations occur in a) and d) while the ES magnetic structure is not changed but the GS 

magnetic structure is more degenerate with mixed 𝑀𝑠 states due to either smaller |𝐷|, larger 

𝐸/𝐷 or both. Note that, ("𝐷 > 0") means behaves like this situation, where it was not possible 

to give definie values due to failure of SH, for ES ZFS calculation. Blue and red arrows indicate 

low and room temperature emission pathways, where at low cryogenic temperature only lowest 

excited KDs can contribute and with increase in temperature, higher excited KDs are thermally 

populated and contribute. Thick arrows involve emission process involving KDs with Δ𝑀𝑠 =

0,±1 while thin arrows indicate emission processes that involve only KDs with	Δ𝑀𝑠 = 0.  

~1
00
0	c
m!

"

| ± ⁄$ %⟩

| ± ⁄$ %⟩

Axial	filed

| ± ⁄' %⟩
| ± ⁄( %⟩

| ± ⁄$ %⟩

| ± ⁄) %⟩
| ± ⁄( %⟩
| ± ⁄' %⟩

~3
00
	cm

!"
<
50
	cm

!"

Cryogenic Temp.
Room Temp.

| 	"'#$⟩ = |)*%+,&!⟩
“. > 0”

SALON
CBLA

S2LA 
CBLA

SLBO

Magnetic
z-axis

a) b) d)
Molecular
z-axis

| 	"'#'⟩ = |)*%+,(!)*!/(*⟩
“. < 0”

| ± ⁄3 %⟩

| ± ⁄) %⟩

| ± ⁄( %⟩
| ± ⁄' %⟩

25%

S1LA
SMS

c)

~1
00
0	c
m!

"

| ± ⁄$ %⟩

| ± ⁄$ %⟩

Axial	filed

| ± ⁄' %⟩
| ± ⁄( %⟩

| ± ⁄$ %⟩

| ± ⁄) %⟩
| ± ⁄( %⟩
| ± ⁄' %⟩

~3
00
	cm

!"
<
50
	cm

!"

Cryogenic Temp.
Room Temp.

| 	"'#$⟩ = |)*%+,&!⟩
“. > 0”

SALON CBLASLBO

Magnetic
z-axis

a) b) d)
Molecular
z-axis

| 	"'#'⟩ = |)*%+,(!)*!/(*⟩
“. < 0”

| ± ⁄3 %⟩

| ± ⁄) %⟩

| ± ⁄( %⟩
| ± ⁄' %⟩

25%

S1LA

c)

SMS
CBLA

S2LA 
~1
00
0	c
m!

"

| ± ⁄$ %⟩

| ± ⁄$ %⟩

Axial	filed

| ± ⁄' %⟩
| ± ⁄( %⟩

| ± ⁄$ %⟩

| ± ⁄) %⟩
| ± ⁄( %⟩
| ± ⁄' %⟩

~3
00
	cm

!"
<
50
	cm

!"

Cryogenic Temp.
Room Temp.

| 	"'#$⟩ = |)*%+,&!⟩
“. > 0”

SALON CBLASLBO

Magnetic
z-axis

a) b) d)
Molecular
z-axis

| 	"'#'⟩ = |)*%+,(!)*!/(*⟩
“. < 0”

| ± ⁄3 %⟩

| ± ⁄) %⟩

| ± ⁄( %⟩
| ± ⁄' %⟩

~25%

S1LA

c)

SMS
CBLA

S2LA 
~1
00
0	c
m!

"

| ± ⁄$ %⟩

| ± ⁄$ %⟩

Axial	filed

| ± ⁄' %⟩
| ± ⁄( %⟩

| ± ⁄$ %⟩

| ± ⁄) %⟩
| ± ⁄( %⟩
| ± ⁄' %⟩

~3
00
	cm

!"

<
50
	cm

!"

Cryogenic Temp.
Room Temp.

| 	"'#$⟩ = |)*%+,&!⟩
“. > 0”

SALON CBLASLBO

Magnetic
z-axis

a) b) d)
Molecular
z-axis

| 	"'#'⟩ = |)*%+,(!)*!/(*⟩
“. < 0”

| ± ⁄3 %⟩

| ± ⁄$ %⟩

| ± ⁄' %⟩
| ± ⁄( %⟩

~25%

S1LA

c)

SMS
CBLA

S2LA 
| ± ⁄$ %⟩

| ± ⁄) %⟩
| ± ⁄( %⟩
| ± ⁄' %⟩

Axial Transition
Faster Relaxation

Less pathways
Narrow Band

Axial + Rhombic
Slower Relaxation

More pathways
Broader Band

Axial + Rhombic
Slower Relaxation

More pathways
Broader Band

|"| ≥ $	and	)/"~," ~, or
)/" ≠ ,

" ~, or
)/" ≠ ,GS

ES

2
2



13 Broadening Mechanism of Luminescence in Narrow-band Eu2+-doped phosphors 

 228 

13.8. Emission mechanism at dynamic limit 

In this section the vibronic coupling effects to the emission process are considered (A detailed 

analysis is provided in Sections 13.4.2 and 6.3). The different relaxation pathways from the 

emissive excited KDs (ES) to the ground KDs within the Franck-Condon (FC) and Herzberg-

Teller (HT) limits are provided in Scheme 13.3.  

In the dynamic limit the nuclear relaxation can in principle affect 2 main factors that 

constitute the emission process, the involved electronic and vibrational transitions: 

• Dynamic effects on the electronic transitions  

As shown in Scheme 13.3a, in a first approximation, the emission spectra arise 

predominately from electronic relaxation of the lowest excited to all ground KDs 

|𝐼; 𝐾𝐷'@⟩ → �𝐹; 𝐾𝐷',&,j,�� at the respective energy differences (adiabatic energy) 𝐸I�. SOC 

and HT can simultaneously mix the emissive |𝐼; 𝐾𝐷'@⟩ and higher excited KDs 

�𝐾; 𝐾𝐷&,j,�,…@ �. These effects are less pronounced in the GS KDs manifold, due to large 

energy gap. Hence in the ideal case of only one coupled vibrational state this would lead to 

a unique and narrow emission band broadened only by the strength of the electronic state 

mixing (SOC and HT). 

 

• Dynamic effects on the vibrational transitions  

In a second step we considered in addition relaxation on the involved vibrational states. 

The following possible scenarios exist: 

1) Frank-Condon limit (FC) and Huang-Rhys parameter (𝑺 = 𝟎)  

In this case, there is no displacement between the emissive and ground states, (this 

displacement is quantified by the magnitude of the Hugan-Rhys  (𝑆)  parameter). Hence 

𝑆 = 0 indicates parallel PESs, and due to the orthogonality of harmonic vibrational 

states (Scheme 13.3a) at low temperatures (e.g. 6K) only Δ𝑣�( = 0 relaxation is 

allowed. So only one line is expected at energy E** owning to the vibrationally allowed 

0( → 0� relaxation. In addition, the 1( = 1� transitions located also at 𝐸'' = 𝐸** 

energies could potentially contribute intensity at higher temperatures. Here, 0( , 1( 
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represent the ground and first excited vibrational energy level, of the initial electronic 

state 𝐼, and so on for 0� , 1� of the final electronic state 𝐹. 

2) Frank-Condon limit (FC) and 𝑺 > 𝟎  

Typically owning to relaxation along coupled vibrational modes, the emissive ES 

following the excitation process is shifted with respect to the GS as dictated by the non-

zero HR factors (S > 0). During the relaxation ES could preserve or change the system 

(GS) symmetry which occurs mainly along totally and non-totally symmetric modes, 

respectively. Due to the ES PES displacement the orthogonality rules relaxed, 

consequently, besides the main Δ𝑣�( = 0 bands, weaker intensity bands *Δ𝑣�( = ±1, 

at 𝐸 ± ℏ𝜔 will show up (Scheme 13.3(b,c)). It should be noted that the *Δ𝑣�( = +1, 

band will disappear at low temperature due thermal depopulation of 1�	state. 

3) Herzberg-Teller coupling (HT) and 𝑺 > 𝟎  

Considering further HT coupling effects, the emissive excited state |𝐼; 𝐾𝐷'@⟩ can mix 

with higher excited KDs �𝐾; 𝐾𝐷&,j,�,…@ � along a set HT active mode. As shown in 

Equations (13.9)-(13.11) and Scheme 13.1, these nuclear motions will drastically 

affect the transition dipole moment (𝜕𝜇/𝜕𝑄). Hence in principle both the transition rate 

and intensity will be improved through such intensity borrowing mechanism (Scheme 

13.3(a,b)). In fact, all *Δ𝑣�( = ±1,  lines of HT active modes can contribute intensities 

which are distributed along the vibrational frequencies domain, leading to exponential 

improve of the emission rate/intensity (compared to FC), with red-shift in emission 

max. Similar to FC, temperature reduction leads to suppression of the higher energy 

band. 

 

In the previous discussion, only one vibrational mode was considered, however, several 

modes can contribute. The Huang-Rhys factor (𝑆) is computed by the following Equation 

(13.13), where, 𝑠e , 𝜆e , 𝜔e are the Huang-Rhys factor, the reorganization energy, and the 

vibrational energy of the normal mode (𝛼) involved in the electronic transition.  

𝑆 = 𝑠e
e

= 
𝜆e
ℏ𝜔ee

 (13.13) 
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Scheme 13.3. The most important factors influencing the emission process: a) The electronic 
transitions from the emissive to the ground KDs |𝐼; 𝐾𝐷'@⟩ → �𝐹; 𝐾𝐷',&,j,�� are impacted by SOC 
and HT vibronic effects within the emissive |𝐼; 𝐾𝐷'@⟩ and higher excited KDs �𝐾; 𝐾𝐷&,j,�,…@ �. b) 
The vibrational transitions at FC and HT limits, give rise to |𝐼, 𝑣( = 0⟩ → �𝐹, 𝑣� = 0,1, . . � and 
emission processes |𝐼, 𝑣( = 0,1⟩ → �𝐹, 𝑣� = 0,1, . . � at low and high temperatures, respectively. 
c) Summary of the emission band intensities assuming a typical FC coupling condition (Huang-
Rhys parameter 𝑆 > 0) and considering the various scenarios, of FC and HT coupling limits 
relevant to RT and cryogenic temperatures. The overall intensity profile convoluted using 
Lorentzian with linewidth of (250 and 500 cm-1 given with dashed and solid lines, 
respectively). 
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13.9. Relation of magnetic structure with the dynamic nature of the 
emissive process 

Now, let us discuss the correlation between the magnetic structure of ground and emissive 

states with dynamic nature of the emission process, assuming the following example, where 

1) the emissive and ground states are almost parallel (𝑆 > 0, but small),  

2) the GS has axial ZFS (e.g. 𝐷 < 0), and  

3) the isolated emissive ES 𝐾𝐷'@  consist of 𝑀𝑠 = ±7/2.  

At low temperature, the primary emission process will involve the |𝐾𝐷'@ , 0(⟩ → |𝐾𝐷', 0�� 

transition where KDs (𝐾𝐷'@and 𝐾𝐷') contribute with their 	𝑀𝑠 = ±7/2 components giving 

rise to both main 0A → 0u and satellite 0A → 1u emission bands Scheme 13.3(c)−B. 

As shown in Scheme 13.3(c)−D, HT coupling with excited state KDs, 𝐾𝐷7 with 𝑀𝑠 =

±7/2 components will in principle tend to maintain the axial symmetry of the system giving 

rise to matrix elements ⟨𝐾𝐷'@ , 0(|𝜕𝐻/𝜕𝑄|𝐾𝐷7 , 07⟩ that couple with the totally symmetric 

modes 0( 	and 07, hence increasing the intensity of the 0( → 0u band. In contrast, coupling with 

excited and ground state KDs, with 𝑀𝑠 ± 1 will in principle introduce rhombicity in the system 

enabling coupling in addition with non-symmetric modes giving rise to both  0A → 0u and 0A →

1u bands. 

Hence, at the limit of state coupling with axial ZFS, following the selection rule 

�Γ�;»Î3' |ΓÏA�|Γ̧ ;»Î3�, Γ�;»Î3' = Γ̧ ;»Î3, the intensity of the 0( → 0� will grow much faster than the 

intensity of the 0( → 1� further reducing the bandwidth of the final emission band. 

At higher temperatures, in addition, weaker intensity band due to 1( → 0� transition will 

also appear at higher energy, increasing the broadening of the band at both FC and HT limits, 

Scheme 13.3(c)−A and C, respectively. 

In this concept, it is useful to discuss the relation of the emission intensity and relaxation 

times at both the FC limit and HT limits. Table 13.4 shows all the emission characteristics 

across the studied phosphors, employing the employing ESD approach based on 

CASSCF/NEVPT2/SOC method. These characteristics include the 𝑆 parameters and HT 

vibronic couplings °𝜉 = �i
½~
½�
l
�0
�± , and the relaxation times at different 6 and 300K 

calculated at both FC and FC+HT limits. 
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Table 13.4. The calculated total Huang-Rhys parameter (𝑆) representing the FC vibronic 

coupling, total norm of first order derivative per mode 𝜉 = (‖(𝜕𝐻/𝜕𝑄)�0‖) representing the 

strength of the HT vibronic coupling, and the calculated relaxation times 𝜏 (𝜇𝑠) at RT and 6K 

at both the FC and FC+HT limits are given, across the studied set of Eu2+-doped phosphors 

(SLA, CBLA2, SMS, SALON, SLBO):Eu2+, and their various doping sites (𝑀&r). They were 

calculate employing ESD approach based on CASSCF/NEVPT2/SOC method. 

Phosphor 𝑀&r 𝑆a) 𝜉a) 
𝜏	(300K) 𝜏	(6K) 

FC FC+HT FC FC+HT 
(𝜇𝑠) 

S1LA Sr12+ 0.74 8.96 4.8 0.01 4.9 0.02 

S2LA Sr22+ 0.91 4.16 11.0 0.06 11.0 0.08 

CBLA2 Ba2+ 1.60 7.22 3.7 0.33 3.7 0.43 

CBLA2 Ca2+ 1.44 1.31 14.0 2.60 15.0 2.70 

SMS Sr2+ 1.24 4.30 6.7 0.03 6.6 0.05 

SALON Sr2+ 1.10 0.30 4.0 2.20 3.9 2.60 

SLBOb) Sr2+ 0.98 113 2.6 1.40 𝑥10+Ë 2.2 2.20 𝑥10+Ë 
a) No change in 𝑆 or 𝜉 are found at different temperatures. 
b) SLBO shows extraordinary vibronic coupling on the HT limit, due to PJTE, as show later. 
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In this concept, it is useful to discuss the relation of the emission intensity and relaxation at 

the FC limit and HT limits, whereas more details are given in Sections 13.4.2. 

As shown in Scheme 13.3, and discussed in Equations (13.9)-(13.11) at the FC limit, the 

emission relaxation time is directly proportional to square of the transition dipole between the 

SO-coupled states. Consequently, as previous discussed in Subsection 13.6.2.1, it depends on 

the anisotropy of ground and excited SO-states. Particularly for the ground states, where its 

rhombicity (𝐸/𝐷) implies the introduction of sextet character to the ground states results in 

slowing down the relaxation rate.  

Figure 13.7(a) shows an approximate linear dependence between the relaxation time (𝜏), 

at FC limit, and the rhombicity 𝐸/𝐷 of the ground state across the studied phosphors, 

especially, for phosphors characterized with axial relaxation (smaller 𝐸/𝐷). To provide a 

comprehensive overview, Figure 13.7(a) also presents a heatmaps of the transition dipole 𝜇 

between excited and ground 𝑀< states. These heatmaps are plotted for the 𝜇 between the 4 

lowest excited KDs, weighted by their Boltzmann thermal population according at 300K with 

respect to their energies, and four ground KDs. We can see a significant diagonal contribution 

in the respective GS and ES KDs heatmaps, as  𝐸/𝐷 approaching 0, which restricting the 

transition to (Δ𝑀𝑠 = 0) pathway, and vice versa. The same behavior is detected for both 

phosphor with emissive state is dominated by i4f �5d9"+:"/9:
	 l, as in SLBO, or by *4f �5d²"

	 , 

as in SALON and S1LA. 

The situation changes as the GS rhombicity increases (𝐸/𝐷	 > 	0.15). In these cases, the 

model is too simplistic to describe the relaxation behavior of phosphors with medium to high 

GS rhombicity indicating that a more complete model that incorporates in addition excited state 

mixing effects needs to be taken into account.  

In this direction inclusion of higher order vibronic coupling (HT), will exponentially reduce 

the relaxation time with increase of vibronic coupling (𝜕𝐻/𝜕𝑄), (as depicted in Scheme 13.1 

and Equations (13.9)-(13.11)). Hence significant HT coupling contributions in phosphors with 

in principle axial relaxation, will tend to reduce the emission band broadening if HT couple 

with, leading to significantly improvement of the main 00 band relative to the side bands and 

vice versa for the system following less axial (rhombic) relaxation broadening, as shown in 

Figure 13.8. 
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Figure 13.7. a) The dependence of the relaxation time 𝜏	(𝜇𝑠) at 300K, within the Frank-

Condon approximation, to the rhombicity 𝐸/𝐷 of the ground state across the study set of 

phosphors. b) Heatmaps of transition dipole between excited and ground 𝑀< states (between 4 

lowest excited KDs and 4 ground KDs). Significant diagonal contributions in the respective 

GS and ES KDs heatmaps indicate E/D~0 and vice versa. Also in b) for phosphors (in top; 

SLBO, S2LA, and CBLA2) and (in bottom; SALON, S1LA, SMS and CBLA2), the ES is 

based on i4f �5d9"+:"/9:
	 l and *4f �5d²"

	 , electronic configuration. For (SALON, S1LA, SMS 

and CBLA2) phosphor, they show very similar heat maps while little difference in E/D, so, 

only one heatmap is given. 
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Figure 13.8. The change of total (Frank-Condon + Herzberg-Teller) Relaxation times (𝜇𝑠) at 

different phosphors with % HT coupling. 

 

 

In practice (vibronic)-perturbation/mixing of the emitting states with higher excited states, 

°𝜉 = �i
½~
½�
l
�0
�± will improve the transition dipole intensities and impact the intensities 

between main (00) and sides (01, 10) bands emission pathways. As seen in Figure 13.8, 

phosphors with centrosymmetric local environment of Eu, show weaker 1st order vibronic 

coupling (HT) and vice versa. In fact under centrosymmetric symmetry transition dipole matrix 

transforms as 	

¢𝐴O £
½|(ÐE)
½�/(Ð∗)

£ 𝐴s¤ ≠ 0					if	Γ∗ ⊂ Γ̄ (1)

This implies that the linear vibronic coupling of the electronic transition is nonzero only for 

even modes, which effectively reduces the number of the contributing modes and the efficiency 

of HT.  
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To conclude this part in the previous sections we have identified the crucial factors that 

correlate the magnetic structure with the dynamic vibronic coupling in Eu2+ doped phosphors. 

In practice among the studied cases those obtaining low temperature emission from an isolated 

excited KD to a GS manifold with axial ZFS that shows small Huang Rhys factors 𝑆 with the 

emissive ES (at the FC limit), but possible strong HT couplings, are expected to result in the 

narrowest possible emission bands. 

 

13.10. Luminescence Spectra  

In this section, the computed room and low temperature emission spectra across the studied 

set of phosphors are discussed in the context of all the above factors. We will try to focus 

directly on the main factors and how that affect the spectral feature, while most of the 

comparison and details have been give earlier. 

All spectra were computed at FC and HT coupling limit and at RT and 6K, and the spectra 

are the sum all contributions arising from the 4 lowest excited KDs (|Ψ«,�..'�,'Ë⟩)	 weighted 

with their Boltzmann thermal population (according their energies and the considered 

temperature) to all the ground 4 KDs *|Ψ*,'…,�,�⟩,. 

All the emission spectra across the studied phosphors were calculated employing the 

employing ESD approach based on CASSCF/NEVPT2/SOC method. For all the cases, the 

correlation function is calculated using a gaussian lineshape with small linewidth of 10 cm-1, 

to capture all the vibronic features. And then it is recalculated with larger linewidth 250 cm-1 

for better match with the experimental spectra. Only for phosphors featuring multiple centers 

for Eu2+ doping, specifically, SLBO and CBLA, the better match with experiments at 6K was 

achieved with 50 cm-1. In addition, for those phosphors, the final calculated spectra are given 

by summing the partial spectra of Eu2+ doping the different centers. 

The most important experimental and calculated emission characteristics are given in Table 

13.1 and Table 13.4, respectively. 
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13.10.1. Luminescence Spectra in SLA:Eu2+  

The experimental versus computed spectra of Eu2+-doped SLA at 300 and 6K are given in 

Figure 13.9. The spectra for each site separately are given in Figure A. 17. 

 

 

Figure 13.9. Experimental (black) and calculated (Frank-Condon + Herzberg-Teller) 

luminescence spectra for SLA:Eu2+ using gaussian broadening with 10 (blue) and 𝜁 (red) cm-1 

linewidth at 300K (left panel, with 𝜁 = 250 cm-1) and  6K (right panel, with 𝜁 = 50 cm-1). The 

calculated spectra are the sum of the contributions from the two doping sites, Sr1 and Sr2 in 

red and blue fills, respectively. 

 

While SLA is featuring two Eu2+ doping centers (Sr1 and Sr2), it exhibits a very unique 

emission spectra with a single emission at both 300 and 6K with a narrow band emission on 

both temperatures. FWHMRT magnitudes of 1180 cm-1, while at 6K the spectra became highly 

structured providing in principle very narrow emission bands with FWHM6K decreases effetely 

to 500 cm⁻¹. 

At the static limit, S1LA exhibit *4f �5d²"
	 ,–based ES compared to a mixed 

i4f �5dq"/9"+:"
	 l –based ES in S2LA. Additionally, both display similar weak 5d(Eu) −

2p(N) covalency on both sites (𝛼&~	83) (Figure 13.6).  

b)a)
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While their electronic structures are generally similar, notable distinctions emerge in their 

magnetic structures, influencing relaxation and emission characteristics. S1LA exhibits more 

(fast) axial relaxation dominated by  (±1/2 → ±1/2) due to axial GS ZFS (𝐷 =

−2.7	cm+', 𝐸/𝐷 = 0.07), see Table 13.3. In contrast, S2LA exhibit GS ZFS (𝐷 =

−2.7	cm+', 𝐸/𝐷 = 0.16) which leads to both axial and rhombic pathways. In particular,  in 

the case of S2LA the available relaxation pathways are somewhat restricted (Δ𝑀𝑠 = 0,±1), 

consisting of (+7/2 → +7/2	and − 7/2 → −7/2),followed by (+7/2 → +5/2	and − 7/

2 → −5/2), as shown in Figure 13.7. Hence at the static limit, the available relaxation 

pathways more in S2LA compared to S1LA, with slower relaxation due to higher rhombicity 

in the ground state. This would in principle render the S2LA bandwidth broader than S1LA, 

which is only partially true. Hence, we need to further consider the impact of the nuclear motion 

relaxation. 

At the dynamic limit, first within the FC limit, both show the weakest HR parameter (𝑆 = 

0.74 and 0.91 for S1LA and S2LA, respectively), as shown in Table 13.4, ensuring semi 

parallel GS and ES PESs. By recalling from Section 13.8, that smaller 𝑆 leads to: 

o Exclusive domination of coupling by totally symmetric (Γ<) over non-totally symmetric 

(ΓI) modes. 

o (Γ<) is accompanied with (Δ𝑀< = 0) mixing (i.e, mixing KDs with the same symmetry, 

mixing emissive KDs with higher excited KDs with same | ± 𝑀<⟩), while (ΓI) allows 

(Δ𝑀< = ±1) introducing rhombicity to the emissive KDs. 

o In this framework, 00 band dominate the intensity over (01 and 10) side bands (due to 

orthogonality rules of vibrational WFs) on both FC and HT limits. 

That is again consistent with the degree of the HT vibronic coupling (𝜉) and its impact on the 

emission spectra. Stronger HT in S1LA (9.0) followed by 4.2 for S2LA (Table 13.4). 

Overall, to conclude in SLA the low HR values leads to Δ𝑀𝑠 = 0 emission processes that 

are also dominated by symmetric modes (Γ<) giving rise to the main 00 band. Large HT 

contributions further suppress bands 10 (at 6K) and both 10 and 01 (at 300K) band(s) with 

respect to the main 00 band. That leads to a similar axial emission characteristic, while at Sr2 

site emits with lower intensity and slightly broader band. In addition, the emission calculation 

shows that they will emit with very close band maximum, SLA2 emits at slightly higher energy 

with ~ 300 cm-1. This results in a very narrow (FWHM 500 cm-1) and vibrational resolved 

emission band (Figure 13.9) and short relaxation times (𝜏) (Table 13.4). 
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As we can see that temperature increase leads thermal activation of more vibrational modes 

which results in reduction of the relaxation time (0.01 and 0.06 𝜇𝑠 for S1LA and S2LA, 

respectively) at 300K compared to (0.02 and 0.08 𝜇𝑠) at 6K. However, that also leads to more 

broadening in the emission band, as seen in Figure 13.9. 

While our calculated spectra generally agree satisfactorily with experimental data, we 

observe limitations on the lower energy side of the emission band maximum. Specifically, our 

calculations could not fully capture all the features in that region. This difficulty is commonly 

encountered due to the dominant influence of phonon coupling by the extended crystal 

structure. Addressing this challenge often requires the use of a more extensive model structure.  

In conclusion, the case of SLA:Eu2+  stands out as a noteworthy example, demonstrating the 

effectiveness of a combination characterized by the domination of axial relaxation (𝐸/𝐷 → 0), 

small S, and large 𝜉 in producing narrow-band Eu2+-doped phosphors. In the subsequent two 

cases, we will explore how deviations from this particular combination can result in broader 

emission profiles. 

 

13.10.2. Luminescence Spectra in SALON:Eu2+ and SMS:Eu2+  

The experimental versus computed spectra of Eu2+-doped SALON and SMS are provided in 

Figure 13.10 and Figure 13.11, respectively. 

They both exhibited a *4f �5d²"
	 ,– based ES, exhibit similar ES covalency (𝛼&~86, 84%, 

respectively, as shown in Figure 13.6). In fact, while the ZFS parameters of SMS (𝐷 =

−2.8	cm+', 𝐸/𝐷 = 0.17) and SALON (𝐷 = −0.4	cm+', 𝐸/𝐷 = 0.04) look different, they 

will behave similarly. 

For SALON, the negligible 𝐸/𝐷 which indicate axial GS however it is accompanied with 

very small  𝐷 leading to degenerate ground states. For SMS, it exabits a very similar GS ZFS 

to S2LA, but with different ES structure. So, for both (SALON and SMS), that leads to axial 

(±1/2 → ±1/2	) emission pathways, followed by (±1/2 → ±3/2	and ± 3/2 → ±1/2), as 

shown in Figure 13.7. 

They both show intermediate HR parameter (𝑆 = 1.10 and 1.24) indicating more shifted 

ES PES compared to GS, and consequently (01, 10) side bands should slightly improve 

compared with main 00 band (compared with SLA:Eu2+ case). 
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Also, we can see the difference in 𝑆 is also reflected in the relaxation time on FC limit, 

where SALON with less shifted PESs, relax faster (4.0 𝜇𝑠) compared to SMS (6.7 𝜇𝑠).  

However, on HT limit, the situation is completely different, again, the high symmetry in 

SALON, effectively reduces the contributing vibrations to only even  Γ< modes resulting in the 

weakest HT coupling (0.3), with little reduction of relaxation time (2.2 𝜇𝑠). So, both FC and 

HT peaks contribute and overlap to unresolved spectra, with the dominance of FC (~70%) 

leading to an increased broadening of the emission band at varying temperatures. This impact 

is evident in the FWHM values of the RT and 6K spectra (1220 cm-1 and 840 cm-1). 

On the other hand, in SMS, HT coupling involving both (Γ< + ΓI) modes, resulting in (~100% 

HT) with significant reduction in the relaxation time (0.03 𝜇𝑠). However, that comes at the 

expense of the broadening due simultaneous growth of sides and main bands. Once again, these 

are reflected to the FWHM values of the RT and 6K spectra (1140 cm-1 and 900 cm-1). 

In contrast to SLA with smaller 𝑆, in SMS, both (Γ<	and	ΓI) modes contribute (axial + 

rhombic HT couplings) giving rise, besides the main 00 band, to 01	and	10 bands. This leads 

to vibrationally unresolved emission band and broader with respect to SLA.  

 

 

 

Figure 13.10. Experimental (black) and calculated (Frank-Condon + Herzberg-Teller) 

luminescence spectra for SALON:Eu2+ using gaussian broadening with 10 (blue) and 250 (red) 

cm-1 linewidth at 300K (left panel) and  6K (right panel). The contributions of FC and HT are 

given in red and blue fill, respectively. 
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Figure 13.11. Experimental (black) and calculated (Frank-Condon + Herzberg-Teller) 

luminescence spectra for SALON:Eu2+ using gaussian broadening with 10 (blue) and 250 (red) 

cm-1 linewidth at 300K (left panel) and  6K (right panel). The contributions of FC and HT are 

given in red and blue fill, respectively. 

 

13.10.3. Luminescence Spectra in SLBO:Eu2+  

The experimental versus computed spectra of Eu2+-doped SLBO are shown Figure 13.12. 

SLBO exhibits weak HR parameter (𝑆 = 0.9) which is consistent with the suppressed 

covalency of the i4f �5d9"+:"/9:
	 l –based ES (𝛼& > 92%) aligned with the pure Eu-oxide 

cuboid. It also shows prefect axil ZFS GS (𝐷 = +1.8	cm+', 𝐸/𝐷 = 0.001), all results in pure 

axial relaxation with predominant (Δ𝑀𝑠 = 0	;	±7/2 → ±7/2	) emission pathways between 

the ES and KDs that also show the fastest relaxation times across the study set on FC limit,  

(2.6 and 2.2 𝜇𝑠 at 300 and 6K, respectively). However, it shows extraordinary HT vibronic 

coupling (113) due to the doubly degeneracy of its emissive state (Table 13.2) which is 

suffering a dynamic PJTE.  

PJTE can only occurs through non-totally symmetric vibrational mode (ΓI), which can 

change of symmetry of the structure, which will activate Δ𝑀𝑠 = ±1. That will lead to 

exponential decrease of the relaxation time (1.40 𝑥10-. and 2.2 𝑥10-. 𝜇𝑠 at 300 and 6K, 

respectively). Additionally, it also leads to growth of (01,10) side bands simultaneously with 

the main 00 band. So, at room temperature, the spectra are very broad (FWHM 1210 cm-1) and 

b)a)
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not resolved. The spectra became also broad at 6K (FWHM 800 cm-1), and the main band of 

the spectrum very clearly splits due to PJTE to emissive state.  

To further corroborate these observation, the dominating HT active mode was scanned 

employing CASSCF/NEVPT2/SOC method along the 𝑒 mode, revealing PJTE stabilization 

(250, 230 cm-1 in the ground and lowest excited KDs), as shown in Figure 13.13,  aligning 

with the observed splitting in the main band (~300 cm-1).  

In principle the different nature of the emissive ES enables a large pattern of contributing 

vibrations and extraordinary HT vibronic coupling with respect to other phosphors. However, 

the larger rigidity of the structure leads overall to normal “not extraordinary” FWHM values 

of the RT and 6K spectra among the study set (1210 cm-1 and 800 cm-1). 

While the unique nature of the emissive ES in SLBO allows for a diverse array of 

contributing vibrations and remarkable HT vibronic coupling compared to other phosphors, the 

overall structural rigidity leads to FWHM values of (1210 cm-1 and 800 cm-1) at the RT and 6K 

spectra within the standard range for Eu2+-doped phosphors, lacking any extraordinary 

broadening. 

 

 

Figure 13.12. Experimental (black) and calculated (Frank-Condon + Herzberg-Teller) 

luminescence spectra for SLBO:Eu2+ using gaussian broadening with 10 (blue) and 250 (red) 

cm-1 linewidth at 300K (left panel) and  6K (right panel). The contributions of FC and HT are 

given in red and blue fill, respectively. 
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Figure 13.13. SA-CASSC(7,19)/NEVPT2 PES scan along PJTE (/ HT) active (𝑒) mode a) 

without SOC for the ground and lowest 7 excited non-relativistic states, b) including SOC for 

the corresponding relativistic states. In addition, PJTE stabilization energy are given. 

 

13.10.4. Luminescence Spectra in CBLA2:Eu2+  

The experimental versus computed spectra of Eu2+-doped CBLA at 300 and 6K are given in 

Figure 13.14. The spectra for each site separately are given in Figure A. 18. 

In fact, CBLA (Eu2+ doping at Ba site), is similar to SALON, where Eu in 𝐶&" local 

symmetry with *4f �5dq"
	 ,–based ES, but with a higher GS ZFS (𝐷 = +0.9	cm+', 𝐸/𝐷 =

0.18), in accord with slightly higher covalency due nitride cuboid. 

However, it exhibits the larger 𝑆 = 1.6 and the centrosymmetric nature of the local symmetry 

leads to equal contributions form FC (40%) and HT (60%), where we can see large 

improvement of the axial relaxation (±1/2 → ±1/2	) manifested in large improvement of the 

highly resolved main band through HT coupling with Γ< and reduction of relaxation time (4 to 

0.33 𝜇𝑠). This is clear reflected by large change the FWHM values of the RT and 6K spectra 

(1300 cm-1 and 370 cm-1). 

Eu doping at Ca site, with again large 𝑆 = 1.4 in accord with the highest covalency of the 

i4f �5d9"+:"/9:
	 l –based ES   (𝛼& < 75%) and very rhombic GS ZFS  (𝐷 = +0.2	cm+', 𝐸/
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𝐷 = 0.32),. All leads to a clear rhombic relaxation pathway, and weaker coupling mostly with 

ΓI modes, leading noisy weak peak in the IR region.  Due its weaker intensity is very difficult 

to give accurate FWHM, but approximately, it is with the RT and 6K spectra change from1430 

cm-1 to 800 cm-1. 

 

 

 

 

Figure 13.14. Experimental (black) and calculated (Frank-Condon + Herzberg-Teller) 

luminescence spectra for CBLA2:Eu2+ using gaussian broadening with 10 (blue) and 𝜁 (red) 

cm-1 linewidth at 300K (left panel, with 𝜁 = 250 cm-1) and  6K (right panel, with 𝜁 = 50 cm-

1). The calculated spectra are the sum of the contributions from the two doping sites, Ba and 

Ca in red and blue fills, respectively. 
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13.11. Conclusions and Requirements for a narrow Eu-doped band 
phosphor 

In this study we have presented a systematic investigation of all the crucial factors that 

contribute intensity and constitute the emission bands in a representative studied set of Eu2+-

narrow band phosphors. It was shown in particular that: 

1) Suppression of Structural Relaxation 

This also allows to suppress requirements for structural relaxation of the ES with 

respect to GS leading to small HR S factors at the FC limit. In particular the choice of 

phosphor host needs to maintain lower symmetry on the formed cuboid EuL8 to ensure, 

o No degeneracy in GS or ES which can induce (P)JTE. 

o Smaller 𝑆, and weakly displaced ES PES with respect to GS. 

o Strong HT (accompanied with smaller 𝑆) coupling, that will reduce the relaxation 

time, lead to intense emission, and reduce non-radiative relaxations. (strong HT 

means both strength of coupling per mode and number of active HT modes) 

o Improving over the active HT modes. 

 

2) The GS needs to obtain an axial magnetic structure  

This allows to maintain a very rigid structure with an axial magnetic structure E/D~0 

on the GS and emissive ES that only give rise to  Δ𝑀𝑠 = 0  emission pathways between 

the ES and KDs. 

 

3) Strong SOC is required in the ES multiplet so that it can lead to an isolated emitting 

magnetic sublevel (or KD). Strong SOC interactions lead to strong HT interactions so 

that minimum nuclear motion at the excited state results in large values of transition 

rates and intensities. This also brings the emission relaxation time to the exponential 

decay regime. Leading to intense emission spectra with fast relaxation times on the 

main band, suppressing the sides bands 

 

In summary, this study contributes close insights into the intrinsic electronic and magnetic 

properties of Eu2+-doped phosphors, guiding the design of tailored narrow-band phosphors for 

towards applications.
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14 Concluding Remarks of PART II 
Towards Design and Tune of Solid-state Eu2+-doped 
phosphors Materials 

This comprehensive study delved into the intricate realm of Eu2+-doped narrow band 

phosphors, aiming to unravel the complexities of their electronic, structural, and optical 

properties. Across four meticulously examined chapters, our investigation unfolded a 

multifaceted narrative that spans from foundational electronic structure considerations to the 

practical implications for designing tailored phosphors with finely tuned optical characteristics. 

In the introductory Chapter 9, we explored the nature of the electronic structure and 

transitions of Eu2+ ions in a model structure reflecting Eu2+-doped phosphors. The landscape 

of excited states proved to be intricate, shaped by various excitations, electron correlation 

effects, and spin-orbit couplings. Particularly, the sensitivity of 4f5d-based states to local ligand 

structures was highlighted. The study sheds light on the electronic-structural instability in 

highly symmetric structures, revealing the dynamical interactions (vibronic effects) that impact 

electronic and optical properties. We emphasize that the local environment's influence 

surpasses that of spin-orbit coupling, impacting both static and dynamic limits. This, in fact, 

set the stage for a thorough study of luminescence mechanisms in subsequent chapters. 

Chapters 10 and 11 introduced a groundbreaking computational protocol designed to 

predict the energy position, shape, and bandwidth of absorption and emission spectra in Eu2+-

doped phosphors. Utilizing a set of well-known phosphors, the protocol exhibits remarkable 

accuracy in reproducing the available experimental data. The study highlighted the importance 

of crystal field strengths, coordination environments, and the nature of electron excitations in 

shaping absorption and emission spectra. The protocol's versatility was demonstrated across 

various phosphors, laying the foundation for identifying descriptors capable of estimating 

emission bands in newly designed materials. The question of universal applicability becomes 

a focal point for the ensuing investigations. 
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In Chapter 12, we built upon the insights gained in previous chapters, recognizing the 

instrumental role of theoretical investigations in guiding synthesis efforts. The study focuses 

on enhancing the emission properties of CBLA2 phosphor, showcasing the potential for 

systematic refinement towards a hypothetical CBLA phosphor with unprecedented narrow 

band red emission characteristics. This chapter underscores the synergy between theoretical 

insights and practical applications, providing a roadmap for advancing phosphors with 

enhanced optical characteristics. 

The concluding Chapter (13) summarized the cumulative knowledge gained, presenting a 

set of requirements for designing narrow-band Eu2+-doped phosphors. Suppression of 

structural relaxation, maintenance of axial magnetic structure, and strong spin-orbit coupling 

emerge as crucial parameters. The study provides close insights into the intrinsic electronic and 

magnetic properties, offering guidance for the development of tailored narrow-band phosphors. 

Collectively, these chapters paint a nuanced picture of Eu2+-doped narrow band phosphors, 

showcasing the potential for theoretical investigations to inform and shape the synthesis of 

innovative materials. From unraveling electronic complexities to predicting emission spectra 

and refining practical applications, each chapter contributes to a holistic understanding of these 

materials. As we peer into the future, the identified descriptors and requirements stand poised 

to drive advancements, enabling the design of Eu2+-doped phosphors with finely tuned 

luminescence properties for diverse technological applications. This comprehensive 

exploration paves the way for a new era of tailored phosphors, offering unprecedented control 

over optical characteristics and opening avenues for innovation in lighting, displays, and 

sensing technologies.
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PART III  

Towards Design and Control of Circularly Polarized (CP) 

Photoluminescent Materials with Long-lived Excited States 
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15 Introduction to PART III 

This part is dedicated to the exploration of one of the most intriguing classes of 

photoluminescent materials: circularly polarized (CP) photoluminescent materials. These 

materials exhibit not only ordinary photoluminescence but also distinct interactions with 

different polarization states of light, known as optical activity. This unique feature broadens 

the scope for the studying light-matter interactions and the investigations of correlations 

between electronic and optical properties. Moreover, it opens up avenues for applications 

across diverse domains.[53] 

The development of materials exhibiting circularly polarized luminescence (CPL) has 

garnered significant interest in recent years due to their promising applications in 3D optical 

displays,[54-59] optical sensors,[56, 60, 61] photoelectric devices,[62-67] disease 

detection,[451] asymmetric synthetic photochemistry,[68] anti-counterfeiting,[69-71] 

cryptography, [72, 73] and the promotion of plant growth.[452] An ideal CPL material is 

characterized by multi-color emission, a high photoluminescence quantum yield (Φ), and a 

large luminescence dissymmetry factor (glum).[77] However, achieving an enlargement of both 

glum and Φ often comes at the expense of one another. This underscores the importance of 

identifying high-quality materials with significant glum values for advancements in this 

field.[78]  

Furthermore, unraveling the CPL activity in transition metal complexes presents a unique 

set of challenges[57], primarily influenced by the properties of excited multiplet states[453]. 

This demands a thorough investigation and comprehension of CPL mechanisms, specifically 

their correlation with both structural and electronic properties, where computational studies are 

necessary to delve deeper into these intricate relationships.[53, 79, 251, 273, 275, 280, 281, 

454-470] 

In PART I, we described the theory of circularly polarized (CP) light interactions and 

explored computational methods for calculating spectra and properties, as discussed in 
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Sections (6.4-6.6). On these bases, the current part focus on the practical applications of these 

theories and methods. Specifically, we aim at establishing a comprehensive computational 

protocol designed for the systematic investigation and elucidation of circularly polarized 

absorption (ECD) and luminescence (CPL) properties, especially, unraveling CPL relaxation 

mechanisms and uncovering some of the governing selection rules. 

The following Chapter 16, presents a computational protocol for predicting the optical 

properties of chiral Re(I) complexes. The protocol utilizes TD-DFT calculations in conjunction 

with the ESD approach to analyze ABS, PL, ECD, and CPL spectroscopies. It consists of a set 

of chiral Re(I) family of complexes [fac-ReX(CO)3L], where X is either Cl or I and L is N-

heterocyclic carbene extended with π-conjugated [5]-helicenic unit. The NTOs and TheoDORE 

analyses aid in identifying the nature of transitions dominating the emission processes. The 

study reveals that different charge transfer (CT) pathways lead to varying magnetic structures 

of the excited (emissive) states. In addition, the strong SOC induced by the heavy Re elements 

in these complexes, enables emission from the long-lived triplet state. We will see that, the 

interplay between the spatial chirality and spin polarization of the triplet excited (emissive) 

states has implications on the CPL spectra and properties of the complexes. Depending on the 

electronic, magnetic structures of the excited states and the coupling between these two effects, 

one can observe either improved or reduced CPL intensity. In addition, these characteristics 

significantly impact the photoluminescent properties, including spectral bands, spin-vibronic 

coupling, relaxation times, and quantum yields. Finally, the study emphasizes the crucial role 

of spin-vibronic coupling in controlling the observed photophysics of Re(I) complexes in this 

class. 

In conclusion, the proposed protocol holds the potential for studying the optical properties 

of chiral transition metal (TM) and rare earth (RE) complexes and materials. Furthermore, this 

study not only contributes to the understanding of circularly polarized luminescence (CPL) 

mechanisms but also provides valuable insights into the design and fine-tuning of high-

performance CPL materials with improved optical properties.
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16 Theoretical Spectroscopy of Circularly Polarized 
Absorption and Photoluminescence in Chiral 
Transition Metal Complexes. Chiral Re(I) complexes 
as Case Study 

The results of this chapter have been published in J. Chem. Phys. 2023, 159 (8), 084102. 
DOI: 10.1063/5.0153742 

16.1. Introduction 

The design of new chiral transition metal complexes, in which chirality is imposed by a chiral 

ligand environment, is crucial for the development of challenging applications in catalysis, 

molecular recognition and photovoltaics.[54-67, 471-477] Over the last decades, there is an 

increasing interest in the synthesis of photochemically active chiral transition metal (TM) 

complexes with relatively long-lived excited states due to their role in several important 

applications in photocatalysis,[478] optical switches[479] and organic light emitting diodes 

(OLED).[459, 469, 480, 481]  In this direction a large number of 2nd and 3rd row transition 

metal compounds with chiral character, either intrinsic to the metal or brought by the ligands, 

have been synthesized focusing on asymmetric catalysis, non-racemic mixtures or chiroptical 

devices.[482-494] In contrast,  first row transition metal complexes find applications in visible 

light induced asymmetric photoredox reactivity,[495, 496] near IR chiro-optical 

properties[497, 498]  or structural probes.[499-501] Synthesis of chiral rhenium(I) complexes 

for the enantioselective functionalization of organic compounds started in the 90’s[502]  and 

has been developed intensively this past decade within the context of anion sensing or chirality-

driven reactivity, ferroelectricity, luminescence and stereochemistry[503-505] or as candidates 

for probing parity violation.[506] Among them, very interesting Re(I) complexes featuring 

helicene-bipyridine and -N-heterocyclic carbenes (NHC) have been synthesized and 

characterized by highly resolved circularly polarized optical spectra.[507, 508] 
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Besides conventional UV/Vis absorption (ABS) and photoluminescence (PL) 

spectroscopies, circularly polarized absorption/electronic circular dichroism (CD or ECD) as 

well as circularly polarized luminescence (CPL) spectroscopies are extensively employed to 

investigate  the electronic, optical, photoluminescent, structural and stereochemical properties 

of a wide variety of chemical systems in their ground and excited states,[57, 65, 67, 456, 458, 

508-514] finding applications in chiral sensing, bio-imaging or optical information 

processing.[472, 479, 503] 

In this direction computational chemistry plays a pivotal role in modeling and interpretating 

experimental ECD and CPL spectra[489, 496, 508, 509, 515] in an effort to deliver valuable 

information about the various chemical and optical contributions to the chiroptical 

properties[516-518] and about their correlation not only with nuclear arrangement but also with 

nuclear motion. Deciphering CPL activity in transition metal complexes is especially 

challenging[57] because of being driven by excited multiplet state properties.[453] A number 

of recent methodological developments in the field have focused in providing the correct band 

shape in optical and photoluminescent spectra[251, 273, 275, 280, 281, 454, 455], treating 

ECD spectra beyond the dipole approximation[268, 519] and computing the intensities of CPL 

spectra.[53, 456-462] This has provided access to an increasing number of computational 

studies on organic chiral chemical systems, delivering valuable structure to electronic and 

optical properties correlations.[53, 280, 460, 461, 463-469, 520]  

The interpretation of chiro-optical photoluminescent spectra in coordination chemistry 

needs a proper theoretical protocol able to treat on a same footing a variety of excited state 

characters, namely metal-centered, metal to ligand, ligand to ligand, intra-ligand charge 

transfer, and ligand-centered (MC, MLCT, LLCT, ILCT, LC) at various multiplicities. A 

rigorous theoretical protocol needs to include ground and excited state dynamical properties, 

spin-orbit coupling, vibronic coupling, and spin-vibronic coupling effects.[79, 241] Apart from 

these effects which control the photoluminescence properties and the radiative emissive 

processes the occurrence of non-radiative processes may perturb the luminescence 

mechanisms. This has been shown to be the case  for instance in the photoluminescence spectra 

of late transition metal chiral molecules bearing Re[79, 521], Os[521, 522], Ru[297]. Hence, 

non-radiative relaxation times as well as the photoluminescent quantum yield (PLQY) become 

relevant quantities in the photoluminescent spectroscopy implying additional computational 

challenges. As a result, studies which aim an understanding over the intensity mechanism of 
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photoluminescent spectra are rather scarce[80, 523-529] while even fewer have involved chiral 

chemical systems.[132, 241, 530]  

Problems of such electronic complexity, found in the fields of excited state dynamics (ESD) 

and inter-system crossings ISC[241, 524, 531, 532], single molecular magnetism[140, 254, 

533, 534] and  resonance X-ray emission spectroscopies,[253, 535-537]  are more adequately 

treated at the level of single- and multireference wavefunction based theories. It is however 

only very recently that such methods have been employed successfully to predict 

photoluminescence spectral properties of medium size and model chemical systems.[207, 273, 

275, 298, 461, 538]  For ‘real’ world applications an alternative is offered by the time-

dependent density functional theory (TD-DFT) which is commonly employed to compute 

photophysical properties like PL[80, 215, 539, 540] and CPL[456, 465, 541] spectra in classes 

of chemical systems ranging from molecular systems to solid state catalysts. However, without 

a systematic supervision and calibration of the above protocols against parameters with 

understood origin and known error bars, it is impossible to arrive to protocols of general and 

‘black-box’ style applicability.[86] This might have dramatic consequences on machine 

learning (ML) techniques, an actively growing field of applications, employed to simulate 

photophysical properties of materials[541-544]. This is illustrated by examples of such 

carefully calibrated TD-DFT protocols against wavefunction based methods, allowing for 

instance  the interpretation of the spectroscopic response in Vanadia based catalysts[322, 545] 

or the identification of general descriptors that offer a robust  prediction of the color and the 

bandwidth of narrow band photoluminescent Eu2+ doped phosphors,[80, 243] as discussed in 

details and shown  in PART II. 

In this work a relevant computational protocol is developed that is able to predict the 

photochemical and photophysical properties and the intensity mechanism of both PL and CPL 

spectra of a set of recently synthesized chiral Re(I) complexes [fac-ReX(CO)3L][508] where 

X stands for Cl or I and L is either N-heterocyclic carbene (NHC) or  NHC extended with π-

conjugated [5]-helicenic unit. The study is mainly based on an efficient implementation for 

computing absorption and emission transition rates[273, 275] in the framework of Excited 

State Dynamics (ESD). In the present work this protocol was extended to be able to treat in 

addition circularly polarized transition rates providing access to bandshape calculations of 

ECD and CPL spectra. Employing carefully calibrated TD-DFT calculations in conjunction 

with the ESD approach, we were able to successfully treat in addition to absorption (ABS) and 

photoluminescence (PL), circularly polarized absorption (ECD) and photoluminescence (CPL) 
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spectroscopies as well as radiative and non-radiative relaxation times and PLQY values on the 

entire study set. The performance of various DFT/TD-DFT protocols and functionals in 

computing ABS and ECD spectra was evaluated with respect to the state-of-art similarity 

transformed equation of motion domain-local pair natural orbital based coupled cluster 

(STEOM-DLPNO-CCSD)[416, 417]. 

The agreement between theoretical and experimental spectra, including absorption (ABS, 

ECD) and emission (PL, CPL), is excellent, which is validating a quantitative interpretation of 

the spectral features on the basis of Natural Transition Orbitals (NTOs) and TheoDORE 

analyses. It is demonstrated that across the set of studied Re(I) diastereomers, the emission 

process in the case of NHC diastereomers is MLCT in nature and is dominated by the easy-

axis anisotropy of the emissive excited multiplet. On the contrary, in the cases of the helicenic, 

NHC extended with π-conjugated [5]-helicenic unit, diastereomers the emission process is 

ILCT in nature and is dominated by the respective easy-plane anisotropy of the emissive 

excited multiplet. This affects remarkably the photoluminescent properties of the molecules in 

terms of PL and CPL spectral band shapes, spin-vibronic coupling, relaxation times, as well as 

the respective quantum yields. Spin-vibronic coupling effects are investigated at the level of 

the state-average complete active space self-consistent field method (SA-CASSCF)[169, 184] 

in conjunction with N-electron valence 2nd order perturbation theory (NEVPT2)[193, 395] and 

its quasi-degenerate variant (QD-NEVPT2)[198]. It is in fact demonstrated that a spin-vibronic 

coupling mechanism controls the observed photophysics of this class of Re(I) complexes. 

In summary, this research work, along with the proposed protocol, enables the exploration 

of optical properties in chiral transition metal complexes in general. Moreover, it can contribute 

to the design of high-performance CPL materials, thereby enhancing their overall optical 

properties. 

16.2. Theoretical considerations  

The theoretical basis of this study has been discussed in detail in Chapter 6  in PART I, 

specifically, Sections (6.4-6.7).  

It has been shown that a direct way to compute unpolarized as well as, circularly polarized 

transition rates is by employing the Fermi’s Golden rule which can be efficiently solved 

through the path integral approach.[251, 273, 275-281] That results in a unified formulation of 

ABS, PL, ECD and CPL spectroscopies. In particular, it has been shown recently this 
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formulation can be very efficiently implemented for absorption and emission radiative and non-

radiative transition rates including spin-orbit coupling and vibronic coupling effects.[79, 273, 

275] 

For CP spectra, the ECD and CPL spectral intensities are represented normalized against the 

total absorption and photoluminescent intensities defining, similar expressions for, the 

respective dissymmetry factors gabs and glum: 

𝑔/01	(𝐸𝐶𝐷)		𝑜𝑟		𝑔234(𝐶𝑃𝐿) = 2
𝐼567 	− 	 𝐼867
𝐼567 	+ 	 𝐼867

		~	
4𝑅
𝐷 ,−2 < 𝑔/01	𝑜𝑟	𝑔234 < 2	 (16.1) 

where 𝐼KLM/>LM are respectively the left and right polarized components of the involved 

absorption or emission process. 𝐷 and 𝑅 are the square of the transition electric dipole and the 

rotatory strength, respectively. 

It should be noted that the selection rules of CPL are in close resemblance to the MCD C-

terms.[271, 546] In fact, as is shown is Scheme  16.1, for a ground singlet and an excited triplet 

state in the presence of SOC the CPL intensity proceeds through the M¬ = ±1  components of 

the parent non-relativistic excited triplet |𝑇⟩	
j  state and the M¬ = 0 component of the singlet 

|𝑆⟩	
' 	ground state. 

 

 

Scheme  16.1. Schematic representation of the fundamental aspects of the CPL intensity 

mechanism.  
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Finally, the calculation of  spin-vibronic coupling and non-radiative rates (through ISC from 

triplet excited state to ground states), follow the theoretical considerations discussed in   

Sections 6.8 and 6.7, respectively. 

16.3. Choice of the Study Set – Geometric Structure 

The chosen study set consists of two subsets of enantiopure chiral-at-ReI neutral complexes of 

the chemical form [fac-ReIX(CO)3L], where L is an N-heterocyclic carbene (NHC) ligand and  

halogen X is either Cl or I. First, L is 1-(2-pyridyl)-4-methyl-benzimidazole defining first 

subset of complexes of type 1. In the second subset, L is a Helicenic-N-heterocyclic carbene 

(Helicenic-NHC) chelating ligand, in particular 1-(2-pyridyl)-2[5]-Helicenic-4-methyl-

imidazole, defining complexes of type 2. The schematic representation of complexes 1 and 2 

are depicted in Scheme  16.2. Complexes 2 exhibit significant and intriguing chiroptical and 

photophysical properties, as discussed in details in next section, and are promising for potential 

applications over their parent structures lacking the respective helicenic unit (complexes 

1).[508] That makes the chosen set very appropriate to study correlations between structural, 

electronic and (chiro-) optical properties in this class of transition metal complexes.  

In both complexes of type 1 and 2, Re(I) [5d6] is coordinated in a pseudo-octahedral 

coordination environment defined by a halogen X ligand (Cl or I) occupying the axial position. 

Three fac-oriented carbonyl (CO) groups, one is occupying the second axial position and the 

other two are coordinated equatorially in the same plane of the bidentate chelating (:C^N) NHC 

ligand. This geometrical orientation forms a chiral center-at-Re abbreviated as A- and C- for 

left- and right-handed isomers, according to Cahn-Ingold-Prelog (CIP) rules for ligand 

ordering,[547, 548] as depicted in Scheme  16.2a. As a result, the parent model complexes 1 

can be found in the following forms, which are abbreviated as 1 A-Cl / C-Cl and 1 A-I / C-I for 

Cl- and I-substituted enantiomer pairs, respectively. 

In contrast, upon substitution of the ligand (L) with the naturally-bent [5]-helicenic chain, a 

second ligand-based chirality shows up, namely helical chirality abbreviated as M- and P- for 

left- and right-handed helical configurations, as depicted in Scheme  16.2a. The helicenic 

model complexes of type 2, are found in two diastereomeric forms where each form has two 

enantiomeric pairs. In the first diastereomeric isomer, the halogen and the helical chain are 

parallel aligned, sterically affecting each other. These enantiomeric pairs are abbreviated as 2 

M,A-Cl / P,C-Cl and 2 M,A-I / P,C-I pairs for Cl- and I-substituted enantiomer pairs, 
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respectively. In a similar fashion in the second diastereomeric isomer, the halogen and the 

helical chain are anti-parallel aligned with no steric interaction between them to form 

enantiomeric pairs that are abbreviated as 2 M,C-Cl / P,A-Cl and 2 M,C-I / P,A-I for Cl- and I-

substituted enantiomer pairs, respectively. The DFT optimized molecular structures of the 

diastereomers of complexes types 1 and 2 are provided in Figure 16.1. 

 

 

 
Scheme  16.2. Schematic representation of [fac-ReX(CO)3L] molecular structures of the 

stereoisomer pairs with center (Re) chirality (complexes of type 1) and both center (Re) and 

helical chirality (complexes of type 2). L = 1-(2-pyridyl)-4-methyl-benzimidazole, for 1 and 

L= 1-(2-pyridyl)-2[4]-helicenic-4-methyl-imidazole for 2, while X= Cl or I. 
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Figure 16.1. A 3D representation of the DFT-optimized molecular structures of the different 

diastereomer pairs of complexes 1 and 2 forming the study set.  
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16.4. Experimental (Chiro-) Optical Properties and Photophysics 

The experimental ABS, ECD, phosphorescence and CPL spectra of the enantiomeric pairs of 

complexes 1 and 2, are collectively presented in Figure 16.2. These spectra have been recently 

recorded at ambient temperature in CH2Cl2, and further experimental details and sample 

preparation have been reported elsewhere.[508] 

Both complexes exhibit broad absorption bands (≥25 000 cm-1) with mirror-image ECD 

spectra of each enantiomeric pair. The absorption spectra recorded between 250 and 500 nm 

(40 000 and 20 000 cm-1) show two weak intensity bands located at 25 000 cm-1 and two higher 

intensity and strongly overlapping absorption bands [3,4] located at ~ 32 000, 35 000 cm-1. An 

even higher intensity absorption/ECD band [5] is located at the high energy region of the 

spectrum > 40000 cm-1. All these bands have been qualitatively assigned as CT bands namely 

MLCT/XLCT (bands [1,2] of complex of type 1), ILCT/MLCT (bands [1,2] of complex of 

type 2), and MLCT/XLCT/ILCT (bands [3-5] of complexes of type 1 and 2).[508] The chloride 

and iodide substituted complexes present similar spectral features with increase of halogen-to-

ligand CT (XLCT) contributions and higher intensity in the iodide compounds. 

The experimental emission spectra of diastereomers 1 and 2 recorded at 295K are presented 

in Figure 16.2, (panels a-f). In particular the NHC diastereomers of type 1 (panels a and b) 

exhibit broad and unresolved phosphorescence spectra located at 19 570 cm-1. On the contrary, 

both the Cl- and I- helicenic diastereomers (panels c-f) exhibit vibrationally resolved and 

structured emission spectra, that are slightly red shifted, showing the highest intensity band at 

~ 19 250 cm-1 followed by a lower intensity band at 18 100 cm-1 and a shoulder at 16 500 cm-

1.  As shown in Table 16.1, the measured phosphorescence lifetimes range from a few tens of 

µs in the iodide helicenic diastereomers to a few hundred in the chloride ones at room 

temperature and increase to a few thousands at 77K. The non-helicenic diastereomers are 

characterized by short phosphorescence lifetimes of a few µs at 77K to 100 ns at room 

temperature. 

The measured CPL spectra are provided in Figure 16.2. The Cl or I-helicenic M,C and P,A 

enantiomers (panels d and f) in which the halogen and the helicenic ligands are oriented 

antiparallel, show the largest intensities in the CPL spectra. On the contrary, the spectra 

intensity drops rapidly in Cl-helicenic or even disappears in I-helicenic M,A and P,C 

enantiomers (panels c and e) in which the halogen and the helicenic ligands are oriented 
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antiparallel. The CPL activity drops drastically in Complex 1 enantiomers with no signal in the 

iodide enantiomers (panels a and b).  

The challenge of the present theoretical study is to decipher and rationalize the photophysics 

of this class of chiral molecules and to determine (chiro-)optical properties directly comparable 

to the experimental data. For this purpose, the electronic structure data obtained by various 

methods of quantum chemistry have been calibrated and combined to treat rigorously and 

quantitatively the various spectroscopies investigated here. The next section is dedicated to the 

developed computational strategy. 

 

 

Table 16.1. Experimental excited states lifetimes (adapted from Ref [508]) at room (295K) and 

low (77K) temperatures of complexes 1 and 2. 

 

 

  

Complex 
 tphosp. (μs)  tphosp. (μs) 
 77K  295K 

1 A-Cl  4.7  0.1 
1 C-Cl  4.7  0.1 
1 A-I  5.2  0.1 
1 C-I  5.2  0.1 
     
2 M,A-Cl  6200  710 
2 P,C-Cl  5900  680 
2 M,C-Cl  5400  410 
2 P,A-Cl  6100  480 
     
2 M,A-I  7700  50 
2 P,C-I  7600  60 
2 M,C-I  6600  44 
2 P,A-I  6500  43 
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Figure 16.2. Experimental spectra (ABS, CD, PL, CPL) of the study set of the enantiomeric 

left and right handed structures shown with doted and solid lines, respectively (adapted from 

Ref [508]). Namely a) NHC I-structures complex 1 (C-/A-I),  b) NHC Cl-structures complex 

1 (C-/A-Cl), c) I-helicenic structures complex 2 (M,A-/P,C-I), d) I-helicenic structures complex 

2 (M,C-/P,A-I), e) Cl-helicenic structures complex 2 (M,A-/P,C-Cl), e) Cl-helicenic structures 

complex 2 (M,C-/P,A-Cl). As absorption and phosphorescence spectra of both enantiomeric 

structure pairs are identical, only the spectrum corresponding to the left (A) handed structures 

is presented. All spectra were normalized with respect to the highest intensity spectrum of 2 

P,A-Cl. Grey dot lines indicate the most pronounced spectral features across the different 

spectra. 
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16.5. Computational Strategy 

All calculations were performed with ORCA 5.0 suite of programs.[354, 549, 550] Ground and 

excited states geometry optimization and frequencies over the crystallographic coordinates, 

taken from the experimental crystallographic X-ray diffraction data,[508] were computed at 

the DFT level employing the PBE0[227, 235] functional with the Grimme’s dispersion 

correction.[551, 552] The excited state optimizations where performed at the TD-DFT level of 

theory using the ground state restricted KS determinant as reference. In all calculations, the 

def2-TZVP triple ζ quality basis sets of the Ahlrichs group [406, 407, 553] where employed in 

conjunction with the def2-TZVP/J Coulomb fitting basis for the resolution of identity.[554, 

555] To account for solvent effects, as introduced in Section 7.1.2, on the transitions, all 

calculations are utilizing the linear response conductor-like polarizable continuum model (LR-

C-PCM)[308, 556] as implemented in ORCA[316], with CH2CL2 solvent to be consistent with 

the experimental reference data.  

All spectra were computed on the optimized structures. Preliminary ABS and CD spectra 

were computed employing the STEOM-DLPNO-CCSD[418, 419, 557] and full TD-DFT[237] 

levels of theory employing a collection of  DFT functionals belonging to the generalized 

gradient approximation (GGA): BP86,[228, 230]  PBE,[226] hybrid: PBE0,[227, 234, 235] 

BHLYP,[558] B3LYP,[228, 229, 233, 559] hybrid meta-GGA: M06,[231] range separated 

hybrid: CAM-B3LYP[441], wB97,[560] and double hybrid: B2PLYP[236] families. The 

STEOM-DLPNO-CCSD spectra were computed employing tight criteria for the selection of 

the PNO pairs (TightPNO, TCutPNO 10+�, and TCutPairs 10+Ë). As it will be shown below 

based on its performance in computing the experimental ABS and ECD spectra as well as 

against the STEOM-DLPNO-CCSD computed ABS and ECD spectra, TD-DFT(PBE0) was 

chosen to compute all the production ABS, ECD and Photoluminescence spectra. The different 

transitions are characterized on the basis of both natural transition orbitals (NTOs) and 

TheoDORE[561] analyses. 

Photoluminescence (phosphorescence) spectra and circularly polarized photoluminescence 

(CPL) spectra as well as individual radiative and non-radiative (ISC) relaxation rates for each 

triplet state sublevel were computed at the TD-DFT(PBE0)/SOC level of theory by employing 

the excited state dynamics (ESD) path integral protocol[273, 275] which includes Duschinsky 

mixing vibronic coupling in the framework of Frank-Condon and Herzberg–Teller coupling 

schemes. The photoluminescence radiative, non-radiative rates and quantum yield were 
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computed at the experimental temperatures (77K and 295K). In these calculations the energy 

differences between the involved states at the respective ground and excited optimized 

geometries were computed at the DLPNO-CCSD(T)[416, 417] level of theory. 

Spin-vibronic constants analysis and excited state zero-field splitting calculations (ZFS) 

were performed constructing the PES of the involved vibrational normal mode on the basis of 

state-average complete active space (SA-CASSCF) method [169, 184] in conjunction with 

second order N-electron valence state perturbation theory (NEVPT2) [193, 395] and its quasi-

degenerate (QD-NEVPT2)[198] variant by using the strongly contracted (SC) NEVPT2 

algorithm to account for the dynamic correlation. Scalar relativistic effects were computed in 

the framework of the second-order Douglas-Kroll-Hess correction (DKH2)[401, 402] 

employing the finite nucleus model.[403] In all these calculations the segmented all-electron 

relativistically recontacted DKH-def2-TZVP basis set was employed for all main elements 

while for  Re and I the respective relativistically recontacted SARC-DKH-TZVP basis set[397-

400] was employed. The calculations were accelerated by employing the resolution of identity 

approximation (RI)[413] for the Coulomb integrals, while the exchange terms were efficiently 

computed using the ‘chain-of-spheres’ (COSX)[414, 415] approximation by utilizing the 

SARC/J  coulomb fitting and def2-TZVP/C correlation auxiliary basis sets, respectively. A 

constant Gaussian broadening was used for all presented absorption and ECD spectra which 

amounts to a linewidth of 1500 cm-1. For better visual agreement with the experimental 

absorption spectra a second Gaussian broadening with linewidth of 3000 cm-1 was used in some 

of the computed spectra. Similarly, a constant Gaussian broadening line width was used for all 

presented emission spectra with inhomogeneous line width of 10 cm-1 at 77 and 295K 

experimental temperatures. 

As a comparison measure of the shape of two different spectra, the mean absolute error of 

the calculated areas 𝑀𝐴𝐸I8bI3,"is used, which is defined according to the 

relation:𝑀𝐴𝐸I8bI3," = % |I8bI3+I8bI"|
I8bI3

. The vibrational modes to enter the PES spin-vibronic 

analysis were selected based on the Huang-Rhys factors (S) in the T1/S0 phosphorescence 

calculations or from the analysis of preliminary Resonance Raman (RR) calculations. 
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16.6. Absorption and Emission processes. A qualitative electronic 
structure analysis 

The analysis first begins with discussing the most important factors that influence the 

absorption and emission processes of chiral Re(I) enantiomeric pair structures 1 and 2.  As 

shown in Figure 16.1, in both complexes the Re(I) center is imposed in a pseudo-octahedral 

(𝑂") coordination environment, surrounded by one halogen (X, either Cl or I), three carbonyl 

(CO) groups arranged in a facial configuration [fac-Re(CO)3], and a chelating bidentate (:C^N) 

N-heterocyclic carbene (NHC) ligand (L). 

Under approximately 𝐶j� symmetry around the Re(I) complexes 1 and 2 obtain a low-spin 

d6 singlet ground state S*( 𝐴'	
' ). It follows that valence single electron excitations or electron 

decays will give rise to CT type of transitions (MLCT, XLCT, LLCT and ILCT) of 2𝑆 + 1 = 1 

and 2𝑆 + 1 = 3 multiplets of 𝐴& and 𝐸 symmetries along the absorption and emission 

processes, respectively.  

In particular, as seen in Figure 16.3a, the enantiomeric pairs 1 C-/A-Cl and 1 C-/A-I have 

valence electron configuration:  

(Re − 𝑑9: − 𝜋Lm∗ )	&(Re − 𝑑:q − 𝜋Lm∗ 	− 𝑝LN/v∗ )&(Re − 𝑑9q − 𝜋Lm∗ 	

− 𝑝LN/v∗ )	&(𝜋M:8(�(%b	∗ )	*(𝜋∗vPI�Iq#N+
M:8(�(%b

	 )	* 

the lowest excitations (Re − 𝑑:q/9q − 𝜋Lm∗ 	− 𝑝LN/v∗ )& → (𝜋M:8(�(%b	∗ )	*  give rise to a pair of E-

symmetric 1,3MLCT/1,3XLCT transitions which dominate the emission process. Similarly, 

(Re − 𝑑9:/9"+:" − 𝜋Lm∗ 	)& → (𝜋M:8(�(%b	∗ )	*, (Re − 𝑑9q/:q 	− 𝑝LN/v	 )& → (𝜋M:8(�(%b	∗ )	*, and  

(𝜋vPI�Iq#N+
M:8(�(%b

	 )& → (𝜋M:8(�(%b	∗ )	* excitations give rise to E-symmetric 1,3MLCT, 1,3XLCT and A2-

symmetric 1,3LLCT type of transitions, respectively, which will consist the high energy region 

of the absorption spectrum. In comparison to chloride complexes, the iodide complexes show 

a slight stabilization of Re-based orbitals, owning to the stronger-covalency Re-X interactions 

which increase the XLCT character in the respective 1,3MLCT/XLCT transitions.  

In Complexes 2, extending the L ligand with helicenic chain introduces a set of 

(𝜋 − 𝜋∗)~bN(�b%b orbitals on the chain, which are located around the valence orbitals. This gives 

rise to a set 1,3ILCT type of transitions which are able to mix with other CT transitions. As 

shown in Figure 16.3b, the amount of mixing and the character of the resulted transition 



16 Unravelling the Unpolarized and Circularly Polarized Spectra in Chiral Re(I) Complexes 

 265 

depends of the X halogen type.  In particular, complexes 2 (with X=Cl), have valence electron 

configuration: 

(𝜋~bN(�b%b	 )	&(𝑅𝑒 − 𝑑:q − 𝜋Lm∗ 	− 𝑝LN∗ )&(𝑅𝑒 − 𝑑9q − 𝜋Lm∗ 	− 𝑝LN∗ )	&(𝜋M:8(�(%b+
~bN(�b%b

	∗ )	*(𝜋~bN(�b%b	∗ )	* 

while in the iodide derivative the increase of the Re-I covalency stabilizes the Re-based  

𝑑:q/9q − 𝜋Lm∗ 	− 𝑝v∗ below the 𝜋~bN(�b%b	  orbital, and leads to valence electron configuration: 

(Re − d±² − 𝜋³Ò∗ 	− p�∗)&(Re − d°² − 𝜋³Ò∗ 	− p�∗)	&(πÓtÔA­t^t	 )	&(𝜋Õ±£A¹A^t+
ÓtÔA­t^t

	∗ )	*(𝜋ÓtÔA­t^t	∗ )	*. 

Likewise to complexes 1 diastereomers,  (d±²/°² − 𝜋³Ò∗ 	− p³Ô/�∗ )& → (𝜋ÓtÔA­t^t	∗ )	* 

excitations give rise to a pair of E-symmetric 1,3MLCT/1,3XLCT transitions while 

(πÓtÔA­t^t	 )& → (πÓtÔA­t^t	∗ )	* to an A2-symmetric 1,3ILCT type of transitions. This set of 

transitions dominate the emission and first bands of absorption process, while the high energy 

part of the absorption spectrum consists once again of a set of ,3MLCT, 1,3LLCT and 1,3XLCT   

transitions.   

It should be noted that while MLCT and XLCT transitions can be both 𝑧 − or 𝑥𝑦 − polarized 

transitions, LLCT and ILCT transitions are in principle 𝜋 → 𝜋∗ 𝑧 −polarized transitions. In 

practice, under C3v symmetry the A2-symmetric 𝜋 → 𝜋∗	 transitions, involving orbital 

symmetries 𝑎'	and	𝑎&	(𝑎' → 𝑎&), are electric dipole forbidden but magnetic dipole allowed. 

In a first approximation this is expected to influence both the ECD, CPL intensities as well as 

the gabs and glum values.  

In principle, the transitions consisting the absorption and emission processes will be a linear 

combination of the parent MLCT, XLCT, LLCT and ILCT transitions represented as: 

𝐶𝑇	
j,' 	= 	𝛼	 𝑀𝐿𝐶𝑇%_',&…	

j,' 	+ 𝛽	 𝑋𝐿𝐶𝑇	
j,' 		+ 	𝛾	 𝐿𝐿𝐶𝑇		

j,' + 	𝛿	 𝐼𝐿𝐶𝑇		
j,'  (16.2) 

where, 𝛼,𝛽, 𝛾, 𝛿 define the mixing coefficients. Further mixing of the different singlet and 

triplet 1,3CT transitions is provided through SOC leading to state manifolds consisting magnetic 

sublevels with 𝑀l = 0,±1. Finally, vibronic coupling may add a dynamic band shape character 

to the absorption and emission processes while spin-vibronic coupling might influence the 

excited state magnetic properties and hence the nature of the intensity mechanism and the 

relaxation times of the observed phosphorescence and the circularly polarized phosphorescence 

spectra of diastereomers 1 and 2. In the following all the above aspects will be studied 

thoroughly.  
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Figure 16.3. a) and b) PBE0/def2-TZVP MO diagrams of the Cl derivatives of complexes type 

1 and 2, respectively, adapted in an ‘ideal’ C3v symmetry around the Re centers. In both 

complexes the different type of single electron excitations, depicted within the 1-electron 

picture, are giving rise to E-symmetric MLCT and/or XLCT, as well as A2 symmetric LLCT 

types of transitions. In the case of complexes type 2, (𝜋~bN(�b%b	 )& → (𝜋~bN(�b%b	∗ )	* excitations 

withing the Helicenic ligand give in addition rise to A2 symmetric ILCT types of transitions. 

Additionally, the relaxation of the lowest excited state leads to emission, visually represented 

as a red line, with energy red-shifted from the corresponding excitation energy by Stokes shift. 
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16.6.1. Insights into the nature of the Emissive Excited State 

In a first step, the geometrical structures of ground and first singlet and triplet states were 

optimized, followed by frequency calculation, both computed at the DFT/TD-DFT (PBE0) 

level in CH2Cl2 solvent, as discussed in Section 16.5. Most relevant structural parameters are 

given in Table B. 1. The results show a good agreement between calculated and available 

experimental structural values extracted from X-ray diffraction data.[508] 

Based on the above qualitative analysis (Section 16.6), one may conclude that in the non-

Helicenic diastereomers of type 1, the MLCT/XLCT transitions will dominate the emission 

process. While in the Helicenic diastereomers of type 2, the emission process will be dominated 

by a mixture of MLCT/XLCT and 𝜋 − 𝜋∗ILCT (within the Helicenic ligand) transitions. In 

fact, that could be preliminary confirmed through analysis and comparison of the IR spectra 

and bonding structure changes between ground and the lowest excited states in complexes 1 

and 2.  

In practice, MLCT transitions, involving CT from ReË�GH/JH − COÖ∗ occupied MO, will 

weaken the (Re → CO) 𝜋-backdonation. Consequently, this reduces the population of 𝜋𝑪m∗  

MOs, and results in shorter and stronger C-O bond. Such a structural change can be detected 

by blue shift in the IR peaks corresponding to CO symmetric and non-symmetric stretching 

vibrations. These peaks are very sensitive to C-O bond length and utilized in several 

studies,[562, 563] to discern the nature of the excited state, specifically distinguishing the 

MLCT from other type of CT away from Re center leaving the IR peaks unchanged. This is 

indeed observed in the computed IR spectra of complexes 1 and 2. 

Figure 16.4(a and b), present the IR spectra for the non-relativistic lowest singlet excited 

(2S+1=1, S1) and triplet excited (2S+1=3, T1) states, respectively compared with the respective 

spectra of the ground state S0. We focus on the spectral region around 2000 cm-1 in which the 

symmetric and asymmetric CO stretching vibrations are prominent.[295]  

When comparing the CO vibration peaks of complexes 1 and 2 to the ‘ideal’ [Oh-

Re(I)(CO)6]+ model complex,[564] we observe similarities in both complexes (1 and 2), where 

their peaks are generally appearing at lower energies compared to the reference peaks. This 

indicates a weakening of the CO bond strength due to the coordination of halogen and NHC 

ligands in both complexes (1 and 2) with respect to the reference structure. 



16 Unravelling the Unpolarized and Circularly Polarized Spectra in Chiral Re(I) Complexes 

 268 

Owing to the electronic excitations (as seen in the lowest singlet and triplet excited states 

compared to ground state), the asymmetric CO stretching vibrations in complexes of type 1 is 

shifted to higher energies with respect to complexes of type 2, indicating a clear MLCT excited 

states in complexes 1. This is also consistent with the fact that in complexes 2 the lowest 

absorption and emission processes contain, or are dominated by, ILCT excitations within the 

Helicene unit in addition to MLCT/XLCT contributions. Finally, that also indicates that 

vibronic coupling (interplay between electronic and vibrational structure) should play a 

significant role in the emission processes, especially in complexes 1, and should be carefully 

taken into account. 

 
Figure 16.4. IR spectra of a) optimized ground and first singlet states geometries, b) optimized 

ground and first triplet states geometries, of all studied complexes (1and 2). For sake of 

comparison, the symmetric and asymmetric CO vibrations of bond in the ground state of the 

reference 𝑂"-[Re(CO)6]+ complex are depicted at the top (taken from Ref.[564]). In addition, 

for both complexes (1and 2), the CO vibrations of the ground states are similar and given in 

bottom. 
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16.7. Absorption and ECD spectra 

16.7.1. Calibration of the TD-DFT protocol 

Prior entering the spectra computation section and analysis we evaluate the performance of 

various TD-DFT functionals in computing the Absorption and ECD spectra of the 

diastereomers 1 and 2.  As a matter of fact, the choice of the “best” DFT functional with the 

desired level of accuracy is not trivial and depends on the specific system and the targeted 

property. In a first step, the ABS and ECD spectra of complex 1 A-Cl are computed employing 

the STEOM-DLPNO-CCSD[416-419] and full TD-DFT[237] levels of theory employing a 

collection of DFT functionals belonging to the GGA: BP86,[228, 230]  PBE,[226] hybrid: 

PBE0,[227, 234, 235] BHLYP,[558] B3LYP,[228, 229, 233, 559] hybrid meta-GGA: 

M06,[231] range separated hybrid: CAM-B3LYP[441], wB97,[560] and double hybrid: 

B2PLYP[236] families. The computed non-relativistic and relativistic ABS and ECD spectra 

of complex 1 A-Cl compared with the respective experimental spectra are collectively provided 

in Figure B. 1 and Figure 16.5, respectively.  

As seen in Figure 16.5,  the MAE errors with respect to experiment drop below 10% when 

employing STEOM-DLPNO-CCSD + SOC to compute the ABS and ECD spectra of 1 A-Cl, 

respectively. This is not surprising as in fact STEOM-DLPNO-CCSD level of theory has been 

successfully used to evaluate the performance of TD-DFT protocols in computing band gap 

energies of organic and inorganic semiconductors[84] and inorganic phosphor materials.[80] 

At the TD-DFT + SOC level functionals containing no Hartree Fock (HF) exchange e.g. the 

GGA BP86 and PBE and those with small HF exchange (e.g. in range separated hybrid wB97, 

10%HF) or large HF exchange (e.g. in hybrid BHLYP , 50%HF ) show avg. MAEs ≥ 25 %.  

Such behavior can be attributed to the fact that none of the above functionals is able to provide 

a balance description of the diverse nature of the involved CT transitions (MLCT, XLCT, 

ILCT).  

In contrast, the situation improves when hybrid functionals with moderate HF exchange, 

such as M06, PBE0, and B3LYP (with 27%, 25% and 20%HF, respectively) are employed. 

They in fact perform satisfactorily showing MAE values of (18, 14, and 22)%, respectively. 

Interestingly the range separated hybrid (CAM-B3LYP) performs worst in comparison to its 

hybrid variant (MAE=26%). 
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Figure 16.5. Experimental (black) vs. calculated relativistic STEOM-DLPNO-CCSD (red), 

relativistic TD-DFT/BP86 (olive), PBE (purple), BHLYP (pale red), PBE0 (blue), B3LYP 

(orange), M06 (pink), CAMB3LYP (brown), wB97 (gray) ABS (left side) and ECD (right side) 

spectra of complex 1 A-Cl. Solid lines indicate constant Gaussian broadening of 1500 cm-1 

while dotted lines indicate constant Gaussian broadening of 3000 cm-1. Given in parenthesis 

are the %MAE errors with respect to experiment, for (ABS, ECD and their average).  
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In a next step, we select the bottom and upper limits of the above “best” performing 

functionals namely the PBE0 and B3LYP and we compare their performance across all 

complexes in the study set in the framework of ABS and ECD TD-DFT + SOC computations. 

These results are collectively presented in Figures B.2-4 and Table B. 2. Once again 

PBE0/TD-DFT + SOC shows the smallest errors in comparison to the experimental Absorption 

and ECD spectra. These errors amount to about 12% and 19% respectively. The respective 

errors employing the B3LYP/TD-DFT methods are ranked a bit higher, amounting in average 

to ~19% and ~33% for the Absorption and ECD spectra respectively.  

Based on the above results while all the TD-DFT computed absorption and ECD spectra 

across the study set exhibit satisfactory agreement with experiment, PBE0/TD-DFT + SOC 

method shows the smallest MAE errors across the study set, hence it is chosen for all the 

production Absorption, ECD, PL and CPL calculations. 

16.7.2. Non-Relativistic Absorption and ECD spectra 

16.7.2.1. Parent Non-Helicenic Complexes (Complexes 1 A/C-Cl/I) 

The experimental versus PBE0/TD-DFT calculated Absorption and ECD spectra of 1 A-Cl and 

1 A-I are provided in Figure 16.6 (a and b). For clarity, only the spectra of the left-handed (A-

) enantiomers are discussed. The complementary spectra of the right-handed (C-) models are 

in Figure B. 5. In principle, the absorption spectra can be divided into three main regions. The 

first region extends between 24000-26000 cm-1 and includes the weak intensity bands 1-3.  

NTO analysis shows that bands 1, 2 have mixed MLCT/XLCT characters consisting of 

𝑅𝑒 − 𝑑:q/9q − 𝐶𝑙/𝐼 − 𝑝9/:∗ → 𝜋M:8(�(%b	∗  single electron excitations. As expected, the XLCT 

character of the excitation increases from Cl to I. On the contrary, band 3 is basically a pure 

MLCT transition consisting of  𝑅𝑒 − 𝑑9: → 𝜋M:8(�(%b	∗  single electron excitation. The second 

region extends between 32000-40000 cm-1 and includes bands 4-6. According to the NTO 

analysis, these bands have mainly XLCT character (𝐶𝑙/𝐼 − 𝑝9/:∗ → 𝜋M:8(�(%b	∗ ) containing small 

contributions from MLCT (𝑅𝑒 − 𝑑:q/9q − 𝐶𝑙/𝐼 − 𝑝9/:∗ → 𝜋M:8(�(%b	∗ ) and LLCT (𝜋M:8(�(%b →

𝜋M:8(�(%b	∗  and 𝜋vP(�Iq#Nb → 𝜋M:8(�(%b	∗ ) characters. Finally, the high energy region > 40000 cm-

1 consisting of bands 7-8 are mainly XLCT character (𝐶𝑙/𝐼 − 𝑝9/:∗ → 𝜋M:8(�(%b/vP(�Iq#Nb	∗ ). 

These results are also consistent with the TheoDORE analysis presented in Table B. 3 and 

Table B. 4. Looking into the respective ECD spectra, bands 1-3 show weak ECD intensities 
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due to fact that they consist of mainly MLCT characters with pronounced experimental gabs 

~0.003 (Figure B. 11a). Moving at higher energies (bands 4-6) where the respective ECD 

intensities increase along with the XLCT and LLCT characters in these transitions increase. 

This is also reflected to the experimental gabs values that are now smaller (gabs ~0.002, Figure 

B. 11a). At higher energy regions, bands 7 and 8 in the case of 1 A-Cl the ECD intensity drops 

while in the case of 1 A-I maintains its high intensity in comparison to bands 4-6. This indicates 

a more complex ECD intensity mechanism in this bands as they combine a multitude of XLCT, 

LLCT types of excitations. At these energies the experimental gabs values drop below 0.001, as 

shown in Figure B. 11a.  

16.7.2.2. Helicenic complexes of X-Helicenic parallel (2 M,A / P,C-Cl 
/ I) and anti-parallel (2 M,C / P,A-Cl / I) aligned 

The experimental versus PBE0/TD-DFT calculated Absorption and ECD spectra of 2 M,A-Cl 

and 2 P,A-Cl are provided in Figure 16.7 (a and b), respectively while for the respective 2 

M,A-I and 2 P,A-I the same information are provided in Figure 16.8 (a and b), respectively. 

Once again, the complementary spectra of the right-handed (C-) models are given in Figure B. 

6 and Figure B. 7. In all these cases there are 3 weak intensity bands around 25000 and 27000 

cm-1. According to the NTO analysis, these bands are assigned as MLCT/XLCT transitions 

consisting of 𝑅𝑒 − 𝑑:q/9q − 𝐶𝑙/𝐼 − 𝑝9/:∗ → 𝜋M:8(�(%b	∗  single electron excitations while band 3 

has an ILCT character consisting of 𝜋~bN(�b%b → 𝜋~bN(�b%b	∗  single electron excitation. This is in 

contrast to the diastereomer complexes 1 in which the first bands are all MLCT/XLCT in 

nature. At energies between 30000 and 40000 cm-1 bands 4-6 consist from a mixture of 

MLCT/XLCT and ILCT transitions while > 40000 cm-1 band 7 and 8 consist from a mixture 

of XLCT and ILCT transitions. Once again, these results are consistent with the TheoDORE 

analysis presented in Table B. 5 and Table B. 6. 

As in the case of diastereomers 1 the ECD intensities increase at higher energies bands (4-

7). In all bands there is in principle a pronounce mixing between MLCT/XLCT and ILCT 

transitions. This together with a more pronounced symmetry reduction around the Re(I) center 

to Cs, renders all the transitions both electric dipole and magnetic dipole allowed. This is 

reflected in the experimental and calculated gabs values (Figure B. 11b) that vary only between 

gabs ~0.002 and 0.001 across the experimentally observed and computed bands. 
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Figure 16.6. Experimental (black) and PBE0/TD-DFT (blue) absorption and ECD spectra of 

non-helicenic enantiomers a) 1 A-Cl and b) 1 A-I. The nature of the most important bands 1-8 

is discussed in the framework of NTO analysis. Solid lines indicate constant Gaussian 

broadening of 1500 cm-1 while dotted lines indicate constant Gaussian broadening of 3000 cm-
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Figure 16.7. Experimental (black) and PBE0/TD-DFT (blue) absorption and ECD spectra of 

helicenic enantiomers a) 2 M,A-Cl and b) 2 P,A-Cl. The nature of the most important bands 1-

8 is discussed in the framework of NTO analysis. Solid lines indicate constant Gaussian 

broadening of 1500 cm-1 while dotted lines indicate constant Gaussian broadening of 3000 cm-

1.  
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Figure 16.8. Experimental (black) and PBE0/TD-DFT (blue) absorption and ECD spectra of 

helicene enantiomer a) 2 M,A-I and b) 2 P,A-I. The nature of the most important bands 1-8 is 

discussed in the framework of NTO analysis. Solid lines indicate constant Gaussian broadening 

of 1500 cm-1 while dotted lines indicate constant Gaussian broadening of 3000 cm-1.  
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16.7.3. Relativistically corrected Absorption, ECD and gabs 
spectra 

In a next step we turn on the SOC interactions. The relevant relativistically corrected 

Absorption and ECD spectra are presented in Figure 16.9 for the non-Helicenic enantiomers 

1 A-Cl and 1 A-I and the respective Helicenic enantiomers, 2 M,A-Cl and 2 M,A-I. These cases 

are chosen as representative examples. While the spectra, of all the studied complexes, of the 

1 A/C-Cl/I,  2 M,A/P,C/M,C/P,A-Cl , and 2 M,A/P,C/M,C/P,A-I enantiomers are presented in 

Figure B. 8, Figure B. 9 and Figure B. 10, respectively.  

 

 
Figure 16.9. Experimental (black) and PBE0/TD-DFT + SOC (blue) absorption and ECD 

spectra of non-helicenic enantiomers a) 1 A-Cl and b) 1 A-I and of helicenic enantiomers, c) 2 

M,A-Cl and d) 2 M,A-I. The spectra are analyzed in terms of contributing parent non-

relativistic singlet (light red) and triplet (light blue). Solid lines indicate constant Gaussian 

broadening of 1500 cm-1.  

 

As seen in Figure 16.9, the analysis of the spectral features in terms of parent non-

relativistic singlet (light blue) and triplet (light red) states reveals that all spectral features 

consist of a significant amount of parent not-relativistic triplet states which ranges between 
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~40-60%. Analysis of the individual contributions presented in Tables B.7-B.10 reveals that 

the low-lying excitation problem in both 1 and 2 diastereomers involves 6-states which at the 

non-relativistic limit consists of the ground the excited states singlets S0, S1 and S2 as well as 

the respective excited state Triplets T1, T2 and T3. Interestingly while in both 1 and 2 

diastereomers states S1-S2 and T2-T3 are all MLCT/XLCT with contributions from LLCT in 

the case of 1 or ILCT in the case of 2, the character of the T1 state differs significantly. It is 

again an MLCT/XLCT character in the case of 1 diastereomers but it is a pure ILCT in the case 

of 2 diastereomers. At the relativistic limit, the lowest SOC states  |Ψ*+�⟩ consist of magnetic 

sublevels 𝑀l = 0,±1 with contributions from the various non-relativistic states as shown in 

Tables B.7-B.10. 

 

To sum up, in all cases the PBE0/TD-DFT computed ABS and ECD spectra are in very good 

agreement with experiment. This allowed a thorough analysis of the computed bands in terms 

of the NTO and the TheoDORE analyses for complexes 1 and 2, respectively. The TheoDORE 

analyses of the lowest excited states across the studied set are provided in Figure 16.10. 

 

 

 

Figure 16.10. TheoDORE Analysis of lowest excited states (T',&	and	S',&) of X=Cl or I for 

Complex 1, 2. 
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The low-lying excited states, that may contribute to the emission process, are assigned to 

MLCT/XLCT transitions in complexes 1, while non-negligible contributions of ILCT 

characters occur in complexes 2, especially in T1 which appears to be purely ILCT whatever 

the axial ligand is, Cl or I (Figure 16.10). The high energy regions (T2, S1, S2) contain major 

contributions of XLCT, LLCT and ILCT transitions, the XLCT character beings more 

pronounced in both iodide complexes 1 and 2. 

16.8. Phosphorescence Spectra and Excited State lifetimes  

The emission spectroscopies, excited state kinetics and photophysics mechanisms of 1 and 

2 diastereomers, are presented in the following sections. They are based on the calibrated 

PBE0/TD-DFT+SOC computational protocol discussed above. 

16.8.1. Non-helicenic NHC diastereomers 

Let us now turn into the computation of the phosphorescence spectra of the non-helicenic 

diastereomers 1 A-Cl and 1 A-I. The Experimental versus PBE0/TD-DFT+SOC spectra 

together with the most important magnetic sublevel contributions are presented in Figure 16.11 

(a and b). Deconvolution of the relevant magnetic sublevels in terms of Ms contributions and 

the associated relaxation rates are given in Table 16.2 and Table B.11. The complementary 

spectra of the C- enantiomers are presented in Figure B.12. 

The agreement to experiment is very good which allows for further analysis. Both the 

experimental and computed phosphorescence spectra are broad and structureless. This is 

reflected to the Huang-Rhys computed factors (S) which gives a measure of the strength of the 

electron−phonon coupling in the emission process.[274] In fact, as seen in Figure B.16 the 

computed S values are about 4. These large values are associated with vibrational disorders 

around the emitting Re(I) center owning to asymmetric CO stretching vibration as well as 

symmetric and asymmetric stretching vibrations within the pyridyl ligand which extend over 

the entire range of the vibrational spectrum within 200-2000 cm-1. 
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Figure 16.11. Experimental versus PBE0/TD-DFT/SOC calculated phosphorescence spectra 

of NHC 1 A-Cl (a) and 1 A-I (c) enantiomers together with the most important magnetic 

sublevel contributions and associated computed relaxation times from the relevant magnetic 

sublevels (b) and (d). Red arrows indicate the experimental energy of the laser excitation.  
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Table 16.2. Deconvolution of the of the relevant magnetic sublevels to the emission process in 

terms of MS contributions for diastereomers 1 A-Cl/I together with the respective room and 

low temperature total (t&�Ë/��») and partial (t&�Ë/��»^ ) relaxation times in (μs). Partial 

relaxation times of a given state n, are calculated as 1/(k£^ + k^£^ ), where k£^, k^£^  are the 

Boltzmann averaged radiative and non-radiative rate constants. At RT non-radiative relaxation 

is in addition taken into account. 

Complex 
SOC 
State 

|Ψ^⟩ 

SOC State 
Composition 

Energy 
(cm-1) 

 
*t&�Ë»^  

(µs) 

t&�Ë» 

(µs) 
 

*t��»^  

(µs) 

t��» 

(µs) 

1 A-Cl 

|Ψ*⟩ 99% S0(0) 0       

|Ψ'⟩ 72% T1(±1)  + 18% T2(±1) 24123  6 

0.07 

 19 

3.2 |Ψ&⟩ 74% T1(±1)  + 18% T2(±1) 24143  7  31 

|Ψj⟩ 10% S2(0) + 87% T1(0) 24326  0.1  4 

|Ψ�⟩ 26% S1(0) + 63% T2(0) 24990  1  --  

          

1 A-I 

|Ψ*⟩ 99% S0(0) 0       

|Ψ'⟩ 58% T1(±1)  + 34% T2(±1) 23324  1 

0.19 

 

 5 

4.4 |Ψ&⟩ 58% T1(±1)  + 36% T2(±1) 23336  54  344 

|Ψj⟩ 15% S2(0) + 77% T1(0) 23676  0.3  198 

|Ψ�⟩ 33% S1(0) + 59% T2(0) 23887  2  --  

          

2 MA-Cl 

|Ψ*⟩ 99% S0(0) 0       

|Ψ'⟩ 73% T1(0) + 26% T1(±1) 18853  3 × 10j 

701 

 28 × 10j 

6626 |Ψ&⟩ 6% T1(0) + 92% T1(±1) 18853  21 × 10j  202 × 10j 

|Ψj⟩ 20% T1(0) + 78% T1(±1) 18853  1 × 10j  9 × 10j 

          

2 PA-Cl 

|Ψ*⟩ 99% S0(0) 0       

|Ψ'⟩ 26% T1(0) + 72% T1(±1) 18881  14 × 10j 

433 

 345 × 10j 

5427 |Ψ&⟩ 73% T1(0) + 26% T1(±1) 18881  34 × 10j  850 × 10j 

|Ψj⟩ 98% T1(±1) 18881  0.5 × 10j  6 × 10j 
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Deconvolution of the spectrum reveals that the emission process involves magnetic 

sublevels |Ψ'+�⟩. Although, |Ψ�⟩ is close in energy to the emitting states (Δ𝐸�,' = 865, 545 

cm-1), at 295K in the case of Cl and I it only slightly contributes to the emission by about 4% 

and 9%, respectively. In a first approximation, one would think that |Ψ'+j⟩ are the magnetic 

sublevel components of the non-relativistic T1 state. However as shown in Table 16.2, there is 

a pronounced mixing between non-relativistic T' ↔ T&,T' ↔ S&	and T& ↔ S' states. 

In particular  |Ψ'+&⟩ states consist of contributions of the M¬ = ±1  components of the T1 

and T2 non-relativistic triplet states while  |Ψj⟩ state consists of contributions of the M¬ = 0  

components of T1 and S2 non-relativistic triplet and singlet states. This later mixing causes a 

pronounced energy splitting within the magnetic sublevel components leading to about axial 

excited state zero-field splitting parameters which in the case of 1 A-Cl amounts to |D|~200 

cm-1 and |E/D|~0.09 while in the case of 1 A-I amounts to |D|~345 cm-1 and |E/D|~0.04. The z-

magnetic axis (Dzz) shows -21º deviations from the z- molecular axis that orients along the Re-

X bond (Figure B.22a). 

Such z- magnetic axis (or easy axis) anisotropy is responsible for the fast relaxation of the 

observed emission spectra which amounts to about 	4µs at 77K and just 0.1µs at room 

temperature (RT). In fact, the analysis shows that the emission spectra are in principle 

dominated (> 90 and 70%, for Cl and I, respectively) by |Ψj⟩ → |Ψ*⟩  emission process which 

provides the fastest relaxation pathway proceeding through the  M¬ = 0  components of the 

parent non-relativistic ground S0 and T1 and S2 excited states. However, at low temperature 

(77K) the relaxation from |Ψ'+&⟩ is improved at the expense of |Ψj⟩, which suffers from an 

exponential reduction in population. This effect is once again more pronounced in the case of 

the I-structure in comparison to Cl one, due to the larger ZFS magnitude. The computation of 

the total relaxation times involving both radiative and non-radiative processes are given in 

Table B.11. At RT the contributions of non-radiative processes are in fact not negligible. As 

shown in Table 16.3, the computed relaxation times agree well with both the RT and low 

temperature experiments. 
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Table 16.3. Experimental and Calculated (FC+HT) excited states relaxation rates and lifetimes 
at room (295K) and low (77K) temperatures. See also Table B.11 for further information.  

 

 

 

  

Complex 
 

tphosp. (μs) 

77K 
 

tphosp. (μs) 

295K 

 Exp. PBE0/SOC  Exp. PBE0/SOC 

1 A-Cl  4.7 3.6  0.1 0.07 

1 C-Cl  4.7 3.2  0.1 0.07 

1 A-I  5.2 4.4  0.1 0.19 

1 C-I  5.2 4.4  0.1 0.18 

       

2 M,A-Cl  6200 6626  710 701 

2 P,C-Cl  5900 6212  680 720 

2 M,C-Cl  5400 5374  410 425 

2 P,A-Cl  6100 5427  480 433 

       

2 M,A-I  7700 8395  50 49 

2 P,C-I  7600 8741  60 53 

2 M,C-I  6600 6500  44 44 

2 P,A-I  6500 6010  43 45 
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16.8.2. Helicenic diastereomers 

In a next step we discuss the phosphorescence spectra of the helicenic diastereomers 2 P,A-Cl/I 

and 2 M,A-Cl/I. The Experimental versus ESD/TD-DFT/PBE0+SOC spectra together with the 

most important magnetic sublevel contributions and relaxation times are presented in Figure 

16.12 (a-d) for the Cl-substituted diastereomers and in Figure B.13 for the respective I-

substituted ones. Deconvolution of the relevant magnetic sublevels in terms of MS 

contributions and the associated relaxation rates are given in Table 16.2 and Table B.11. The 

complementary spectra of the C- enantiomers are presented in Figures B.14 and B.15. 

Once again, in all the cases the agreement to experiment is very good allowing for further 

analysis. In contrast to diastereomers of type 1, type 2 diastereomers are characterized by 

vibrationally resolved experimental and computed phosphorescence spectra. As shown in 

Figure B.16, the computed Huang-Rhys factors are now smaller (S~1.5) with respect to 

diastereomers of type 1. This indicates a rather local vibronic coupling located in the 1200-

1700 cm-1 energy range. The involved vibrational modes consist mainly of symmetric and 

asymmetric conjugated C=C bond stretching vibration modes within the helicenic ligands 

correlated to the important contribution of 𝜋⟵ 𝜋∗ ILCT electronic transitions.  

Deconvolution of the spectra reveals that in all the cases the emission process involves an 

isolated multiplet consisting of magnetic |Ψ'+j⟩ states that are nearly degenerate. As is shown 

in Table 16.2 and Table B.11 the relativistic |Ψ'+j⟩ states are solely composed by the M¬ =

0,±1  magnetic sublevels of the parent non-relativistic T1 state owning to the low-lying ILCT 

transition within the helicenic ligand. In all the cases this results in a small and rhombic excited 

state ZFS (|D|~1 cm-1 and |E/D|~0.31). Hence in contrast to diastereomers of complexes 1 

which show a pronounced easy axis anisotropy in the Re-CO building unit, diastereomers of 

complexes 2 show an easy plane anisotropy in the helicenic ligand (Figure B.22). In the case 

of the enantiomers 2 P,A-Cl  and 2 P,A-I (Figure 16.12(c and d), Figure B.13b  and Table 

B.11), in which the  halogen and the helicenic ligand are oriented anti-parallel, the emission 

spectra are dominated by |Ψj⟩ → |Ψ*⟩ and �Ψ',&� → |Ψ*⟩ emission processes, respectively, 

which proceed mainly through  M¬ = ±1  components of the parent non-relativistic excited T1 

state to the M¬ = 0 component of the S0 ground state.  
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Figure 16.12. a) Experimental versus PBE0/TD-DFT/SOC calculated phosphorescence 

spectra of helicenic 2 M,A-Cl (a) and 2 P,A-Cl (c) enantiomers together with the most important 

magnetic sublevel contributions. b) and d) Computed relaxation times from the relevant 

magnetic sublevels. Red arrows indicate the experimental energy of the laser excitation.  
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This is in sharp contrast to diastereomers of type 1 in which the easy axis anisotropy results 

in emission processes which proceed directly via, the fastest in easy axis domain, the M¬ =

0	components of the involved parent non-relativistic excited and ground states. Such ‘indirect’ 

emission process is reflected to the relaxation times presented in Table 16.2. In fact, the 

experimental and computed relaxation times of diastereomers of type 2 are ~3 orders of 

magnitude slower in comparison to diastereomers of type 1.  

The more steric environment imposed by the parallel in comparison to the anti-parallel 

alignment of the halogen vs helicenic ligands in these diastereomers, has also a noticeable 

effect in the relaxation times. In fact in the case of enantiomers 2 M,A-Cl  and 2 M,A-I (Figure 

16.12(a and b), Figure B.13a  and Table B.11) in which the  halogen and the helicenic ligand 

are oriented parallel (Figure B.22b) the relaxation times are even slower than the respective  2 

P,A-Cl  and 2 P,A-I enantiomers. Once again as shown in Figure 16.12b, the excited states 

multiplet �Ψ',&,j�	shows pronounced easy-plane anisotropy. Hence the emission spectra involve 

�Ψ',&,j� → |Ψ*⟩ emission processes which mainly proceed through the M¬ = ±1  component 

of the parent non-relativistic excited T1 state and the M¬ = 0 component of the S0 ground state. 

However, the parallel alignment of the halogen and the helicenic ligand provides a steric effect 

to the magnetization axis rotation (Figure B.22c) leading to even slower relaxation times. This 

effect is clearly more pronounced in the case of the iodide halogen ligand.  

As in the case of diastereomers of type 1 at RT (295K) the experimental relaxation times 

decrease by one and two orders of magnitude with respect to the ones observed at 77K for Cl-

substituted and I-substituted helicenic complexes, respectively. The relaxation times computed 

on the basis of radiative and non-radiative relaxation rates are presented in Table 16.2, Table 

16.3 and Table B.11. Again, the agreement with the experimental data is very good. In the case 

of the I-substituted helicenic diastereomers the non-radiative rates compared to respective Cl-

substituted ones and are on average higher by a factor of ~10-15. As a result, the I-substituted 

helicenic photoluminescence quantum yield (PLQY) ΦMK
	  values are about one order of 

magnitude lower with respect to the Cl-substituted ones. As it will be discussed in detail in 

Section 16.10, this indicates a more pronounced mixing between the vibrational states of the 

ground and excited state multiplets |Ψ*+j	 ⟩ and has a direct influence on the spin-vibronic 

coupling mechanism that controls the photophysics. 
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16.9. Circularly polarized luminescence (CPL) spectra and CPL 
intensity mechanism 

In an effort to further understand the principles of the photoluminescence intensity mechanism 

of the chemical systems under study we discuss in this section the respective circularly 

polarized luminescence spectra of diastereomers 1 and 2. As it was shown in the above section, 

in the case of diastereomers 1 the emission process proceeds through the  M¬ = 0  components 

of the involved parent non-relativistic ground and excited states. This leads in principle to 

negligible intensity CPL spectra, as shown in Figure 16.2. On the contrary, significant intensity 

variations are observed within the enantiomeric pairs of diastereomers 2. This is not surprising 

as in fact the intensity of the CPL spectra is directly associated to the composition of the M¬ =

±1  components of the involved parent non-relativistic ground and excited states (Scheme 

16.1). The experimental versus PBE0/TD-DFT/SOC calculated CPL spectra of diastereomers 

2 are visualized in Figure 16.13. Once again in all the studied cases the agreement between 

experimental and theoretical spectra is very good allowing for further quantitative analysis. 

Let us recapitulate at this point the principal selection rules of the CPL spectroscopy. 

According to the transition rate of Equation (6.33), the CPL intensity is at first associated to 

the product ∑ (𝜇vk>b)((_9,:,q ∗ (𝑚vk
vP)( ∗ 𝑐𝑜𝑠𝜃 between the x,y and z components of the electric 

and magnetic transition dipole moments between the initial emitting state 𝐼 and final state 𝐹, 

where and 𝜃 is the angle between the respective transition dipole vectors. This implies that 

involved non-orthogonal electric and magnetic transition dipole moments are maximized for 

an angle 𝜃 = 0° or when the respective transition dipole vectors are colinear. Second, SOC 

interactions within and along the involved initial emitting states 𝐼 are also influencing the CPL 

intensity while third, spin-vibronic coupling provides additional CPL intensity mechanism 

modulations. In a first step we employ the first two CPL selection rules (transition dipole 

properties and SOC state interactions) in an effort to develop visual selection rules that are able 

to explain the CPL signs and intensities in complexes 1 and 2. In fact, this way of analyzing 

transition dipole properties has been proven instrumental in understanding the principles of the 

intensity mechanism in the core electron and valence MLCT transitions in X-ray 

spectroscopy[565] and UV/Vis spectra[437] as well as to predict the sign of the MCD C-terms 

in magnetic circular dichroism spectroscopy.[271, 566] 
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Figure 16.13. a) Experimental versus b) PBE0/TD-DFT/SOC Calculated CPL spectra of 

enantiomeric pairs 2 M,A-Cl (dotted red line) and 2 P,C-Cl (solid red line), 2 M, C-Cl (dotted 

blue line) and 2 P,A-Cl (solid blue line), 2 M,A-I (dotted orange line) and 2 P,C-I (solid orange 

line) and 2 M, C-I (dotted black line) and 2 P,A-I (solid black line). 

 

 

We first discuss complexes 1 which showed negligible CPL intensities (Figure 16.2). As 

discussed in the electronic structure Section 16.6, the emitting state in these complexes is E-

symmetric 3E (T',T&)  which give rise to x, y polarized electric and magnetic dipole allowed 

|π∗⟩ → 	 |𝑑±²/°² − 𝑝:,9� electron decays with pronounced MLCT/XLCT characters. SOC can 

mix between the corresponding excited triplet and singlet non-relativistic states 3E (T',T&) and 
1E (S', S&)   though rotation along the molecular/magnetic 𝑧 axis (Figure B.22a). For the pair 

of emitting 3E (T',T&) states this is graphically illustrated in Figure 16.14.   
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Figure 16.14. Graphical prediction of the CPL sign for the |π∗⟩ → 	 |𝑑±² − 𝑝:� emission which 

characterizes complexes 1 emission process via MLCT/XLCT transitions. electron decays. 

 

The electric and magnetic transition dipole moments of these non-relativistic states oppose 

each other lowering the intensity of the respective rotatory strengths. At the non-relativistic 

limit, assuming that SOC acts perturbatively to the |π∗⟩ → 	 |𝑑±² − 𝑝:�	emission process, the 

resulted rotatory strengths and the reduced spin–orbit vector form a left-handed system. It 

follows that for positive ΔEØ"+Ø3 this will lead to emission of right-handed photons, thereby 

resulting in a negative CPL intensity. In contrast, the CPL signal of the |π∗⟩ →

	|𝑑°² − 𝑝9⟩	emission has a positive sign. It should be noted that this process is analogous to the 

‘J-K’ coupling mechanism in MCD.[271] It becomes evident that the emitting state degeneracy 

cancels out the respective CPL signals leading to none or negligible CPL intensity 

(I·³Õ+�³Õ~0) for complexes of type 1. The situation is more pronounced in iodide complexes 

due to the higher magnitude of XLCT admixture *I− p°,±, and SOC interaction in the emission 

process. At the relativistic limit it was shown in Table 16.2 that |Ψj⟩ → |Ψ*⟩  emission process 

provides the fastest relaxation pathway proceeding through the  M¬ = 0  components of the 

parent non-relativistic ground S0 and T1 and S2 excited states, thus creating in principle 

unpolarized photons. 
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Figure 16.15. Graphical representation of interaction between transition electric 𝜇 and 

magnetic 𝑚 dipole moments along the the  |π∗⟩ → 	 |π∗⟩ ILCT emission process for a) ‘parallel’ 

complex 2 M,A-I and b) ‘anti parallel’ complex 2 P,A-I.   

 

As shown in Figure 16.15a, in the case of parallel alignment of the halogen and the helicenic 

ligand in complexes 2 M,A/P,C-I/Cl, the 𝜋∗ → 𝜋  ILCT emission process involves mainly  x 

and z polarized electric and magnetic dipole electron decays. Hence the respective dipole 

vectors are nearly orthogonal θ~80/60°, resulting in a negligible and weak intensity set of 

rotatory strengths in the xy plane for I/Cl, respectively. As it was briefly discussed in Section 

16.8 and also shown in Table B.11, in the case of parallel aligned halogen/helicenic 2 M,A-I 

and 2 P,C-I, the helicenic ring C=C stretching vibrations are sterically blocked becoming more 

rigid. As discussed in the previous section the z-axis of the magnetic axis frame of the emissive 
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triplet state is defined along the Dzz axis component of the respective zero field splitting tensor. 

Likewise to complexes of type 1, in the case of complexes of type 2 with parallel alignment of 

the halogen and the helicenic ligand the Dzz axis is aligned about 21° with respect to the 

molecular z-axis of the ground state molecular geometry (Figure B.22(a,b)). This implies that 

the rotation of the induced magnetic moment is also sterically blocked and mainly restricted 

around the molecular z-axis.  

At the relativistic limit, the involved emitting �Ψ',&� → |Ψ*⟩ states, consist of similar 

contributions of the M¬ = ±1  components (~42%) of the parent non-relativistic T1 excited 

state while the respective M¬ = 0	contributions are (17%). Although these states actually 

dominate the intensity of the respective PL spectra (Table 16.2), as shown in Table B.12 they 

provide negligible magnetic transition moments, due to the magnetic blocking, and 

consequently negligible CPL intensities. Hence, |Ψj⟩ → |Ψ*⟩ becomes consequently the only 

available transition for CPL intensity along the z-molecular axis. In fact, |Ψj⟩ consists of 82% 

M¬ = 0 contributions of the parent non-relativistic T1 excited state and leads to orthogonal 

electric and magnetic transition vectors (𝜃~80°). As a result, the differential CPL spectra have 

negligible intensity (|gÔ®`|~3 − 4 × 10+j) (Table B.12). 

Substitution of the axial ligand (X = I) by a less bulky halide (Cl) induces a small increase 

of the CPL intensity in 2 M,A-Cl and 2 P,C-Cl as compared to 2 M,A-I and 2 P,C-I. Indeed, in 

this case the CPL- dominating emitting �Ψ',&� → |Ψ*⟩ states are characterized by slightly equal 

M¬ = 0	and	 ± 1  component contributions of the parent non-relativistic T1 excited state, 

(Table B.11). This is all reflected to the larger |R|~1.5 × 10+�' values and the smaller angle 

between electric and magnetic transition vectors (𝜃~60°). This also results to slightly higher 

CPL intensity (|gÔ®`|~5.7 × 10+&), in comparison to the iodide case (Table B.12). 

In contrast, in the case of the sterically-free anti-parallel aligned halogen/Helicenic 2 P,A-

Cl/I and 2 M,C-Cl/I enantiomeric pairs, the rotation of the induced magnetic moment is 

practically free (Figure B.22c). As shown in Figure 16.15b in the case of 2 P,A-I enantiomer 

the 𝜋∗ → 𝜋  ILCT emission process involves practically x,y,z polarized electric and magnetic 

dipole electron decays as the angle of the respective dipole vectors is θ~38°. At the relativistic 

limit, the leading emission process |Ψj⟩ → |Ψ*⟩ involves predominately Ms = ±1 components 

from the parent non-relativistic T1 states resulting to emitted CP photons that give rise to CPL 

intensities with |gÔ®`|~13 × 10+&, which are ~3 times higher in comparison to the respective 

‘parallel’ variants (Table B.12). Once again, substitution of the iodide by a less bulky halide 
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leads to a slight increase in CPL intensity (|gÔ®`|~15 × 10+&) in lines with the decrease of the 

Ms = 0 contributions on the |Ψj⟩ → |Ψ*⟩ emission process. 

Up to this point of analysis we have developed a calibrated TD-DFT protocol that takes into 

account the necessary excited state dynamics in order to predict the photoluminescence 

properties (phosphorescence and CPL spectra, radiative and non-radiative relaxation times and 

quantum yields) of the studied Re(I) chiral complexes. All the above presented analysis 

demonstrated that the involved emission processes in the non-helicenic and the helicenic Re(I) 

diastereomers 1 and 2 proceed via two fundamentally different multi-state intensity 

mechanisms controlled by i) the electronic nature of the emitting excited state multiplet; ii) the 

induced magnetic anisotropy of this emitting multiplet. Seeking further validation of these 

important findings we will undergo in the next section a spin-vibronic coupling analysis on the 

basis of CASSCF/QD-NEVPT2 potential energy surface (PES) scans along the involved 

normal vibrational modes. 

16.10. Spin-vibronic Coupling  

16.10.1. SA-CASSCF/QD-NEVPT2 Potential Energy Surfaces 
Scans 

The theoretical principles of the spin-vibronic coupling interactions are discussed in the theory 

in Section 6.8. Before entering the discussion dedicated to the spin-vibronic interactions a 

careful selection of the relevant normal vibrational modes that need to enter into the analysis 

has to be performed. In general, it is a common practice to select the modes on the basis of the 

computed Huang-Rhys factors (S) which, as discussed above in Section 16.8 and also in 

Section 6.3.2, defines a measure of the strength of the electron−phonon coupling in the 

emission process.[274] An alternative approach arises by considering that relaxed fluorescence 

and consequently phosphorescence share the same origins with RR spectroscopy. The relevant 

analysis is provided in Figures B.16 and B.17, respectively. The analysis showed that in the 

cases of diastereomers 1 the symmetric and asymmetric CO stretching vibrations (modes 1-3) 

as well as the pyridyl ring stretching (mode 4) are selected to enter the spin-vibronic analysis. 

These observations are consistent with the MLCT character of the emissive state for these 

systems. Likewise, in the case of diastereomers 2 only the helicenic ring stretching vibrations 

(modes 5,6) are selected to enter the spin-vibronic analysis. Once again this is consistent with 

the ILCT character of the emissive state of these systems. 
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The calculation of the state-average SA-CASSCF PES scans, along the selected vibrational 

modes, involves CAS(8,8) and CAS(10,11) active spaces (Figures B.18 and B.19), for the 

diastereomers 1 and 2, respectively. The PES scans are constructed for the set of the low lying 

excited singlets (|S'+j⟩)  and triplets (|T'+j⟩) besides the ground state singlet |S*⟩ at the non-

relativistic limit followed be SOC corrections (|Ψ*+'&⟩). As seen in Figure B.20, unless SA-

CASSCF/QD-NEVPT2 is employed, the correct state splitting and a proper treatment of the 

state avoiding crossings are not correctly reproduced at the SA-CASSCF and SA-

CASSCF/NEVPT2 levels of theory. Hence the multi-state SA-CASSCF/QD-NEVPT2 

protocol was employed for the production calculations.  

 

 
Figure 16.16. (8,8) SA-CASSCF/QD-NEVPT2 PES scan along a chosen mode representing 

one of the asymmetric stretching CO vibrations for 1 A-Cl a) for an ‘ideal’ C3v symmetry 

around Re(I) in the non-relativistic limit. b) for the ‘actual’ Cs symmetry around Re(I) in the 

non-relativistic limit and c) for the ‘actual’ Cs symmetry around Re(I) including relativistic 

SOC corrections. 
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Figure 16.17. (11,8) SA-CASSCF/QD-NEVPT2 PES scan along a chosen mode representing 

asymmetric stretching helicenic vibrations for 2 M,A-Cl a) for an ‘ideal’ C3v symmetry around 

Re(I) in the non-relativistic limit. b) for the ‘actual’ Cs symmetry around Re(I) in the non-

relativistic limit and c) for the ‘actual’ Cs symmetry around Re(I) including relativistic SOC 

corrections. 

 
Representative PES scans for 1 A-Cl and 2 M,A-Cl are provided in Figure 16.16 and Figure 

16.17 along the asymmetric stretching CO vibration and the helicenic ring stretching 

vibrations, respectively. In a first approximation we assume ‘ideal’ C3v symmetry around the 

Re(I) centers (Figure 16.16a and Figure 16.17a). In accordance with the excitation diagram 

presented in Figure 16.3 in the case of 1 A-Cl at the equilibrium Q0 point a number of E-

symmetric MLCT, MLCT/XLCT transitions are observed owning to a sequence of  (A+

E) × ε  Jahn Teller problems which are stabilized at Q1,-1 minimum geometries. On the contrary 

in the case of 2 M,A-Cl besides the respective E-symmetric MLCT, MLCT/XLCT transitions 

the A2-symmetric ILCT transition forming state |T'⟩, is stabilized at Q1 minimum geometry. 

This later state is separated by more than 2000 cm-1 with respect to the higher lying singlet and 

triplet MLCT, MLCT/XLCT states. By further considering the Cs symmetry reduction around 

the Re(I) center (Figure 16.16b and Figure 16.17b) as well as the SOC mixing between singlet 

and triplet states, one observes the final PES scans of the involved multiplets |Ψ*+'&⟩ (Figure 

16.16c and Figure 16.17c).  
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Table 16.4. SA-CASSCF/QD-NEVPT2 computed axial and rhombic excited state multiplet ZFS parameters (D (cm-1) and E/D) at equilibrium 

and minimum energy geometries together with the respective axial and rhombic spin-vibronic coupling constants ξD (cm-1) and ξE along a selected 

set of vibrational normal modes 1 A-Cl and 2 M,A-Cl enantiomers. 

 

Complex 

 

CAS 

(m,n) 
Mode†  

ZFS Parameters 

 

Spin-Vibronic Coupling 
Parameters Qeq. 

 

Qmin. 

D E/D D E/D 
Axial coupling 

ξD 

Rhombic 
Coupling 

ξE 

1 A-Cl 

(8,8) 1  -83.14 0.07 -248.29 0.10 -83.99 -7.56 

 2  -85.14 0.01  -350.15 0.05  -121.83 -9.75 

 3  -85.14 0.04  -319.15 0.08  -119.83 -9.59 

 4  -86.75 0.08  -84.59 0.20  -119.04 -8.33 

Total/Average     -84.72 0.05  -250.25 0.09  -110.63 -7.74 

2 M,A-Cl  
(10,11) 5  -5.54 0.27  -3.86 0.30  -20.05 -2.41 

 6  -5.53 0.25  -4.40 0.23  -20.58 -2.12 

Total/Average     -5.53 0.25  -4.13 0.25  -20.27 -2.23 

†The vibrational normal modes are visualized in Figures B.16 and B.17.
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As is shown in Table 16.4, in the case of 1 A-Cl the ZFS splitting parameters derived for 

the excited state multiplet |Ψ'+j⟩ (Figure 16.16c) show an axial ZFS and negative D value 

(D~-85 cm-1, E/D~0.05) as well as axial and negative spin-vibronic coupling parameters (ξD-

110.cm-1, ξE~-8 cm-1). On the contrary, in the case of 2 M,A-Cl the ZFS parameters (D~-5 cm-

1, E/D~0.25) as well as the spin-vibronic coupling constants (ξD~-20cm-1, ξE~-2cm-1) derived 

from the isolated  multiplet |Ψ'+j⟩ (Figure 16.17c) are of much lower magnitude containing 

significant axial and rhombic components.  These results validate the TD-DFT observations 

reflecting the major MLCT and ILCT character of the |Ψ'+j⟩ multiplet in diastereomers 1 and 

2, respectively. As shown in Table B.13, while in the case of diastereomers 1 the magnitude of 

D increases in the sequence Cl, I, the spin-vibronic coupling constants indicate similar excited 

state relaxation patterns. In contrast, in the case of diastereomers 2 there is no significant 

change in the magnitude of D in the sequence Cl, I. This is not the case on the spin-vibronic 

coupling constants as in fact the ILCT excited state multiplet relax more in the Cl- than in the 

I- diastereomers. In fact, as seen in Table B.13 and Figure B.21 for the case of 2 M,A-I the 

spin-vibronic constants are negligible reflecting an almost parallel alignment of the ground 

|Ψ*⟩ and the excited state |Ψ'+j⟩ PESs. It should be noted that this is also in accord with the 

experimental and computed quantum yields which reflect resemblance between ground and 

excited state vibrational modes with pronounced non-radiative relaxation rates (Table B.11) 
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16.11. Summary and Conclusions 

In this work a computational protocol was developed that is able to predict photoluminescent 

properties of chiral transition metal complexes. For this purpose, a study set of previously 

synthetized chiral Re(I) halide complexes of the type [fac-ReX(CO)3L][508] was chosen (X 

being Cl or I and L being a N-heterocyclic (NHC) or helicenic-NHC ligands respectively). This 

set of chiral diastereomers contains a broad variety of ABS, ECD, Phosphorescence and CPL 

spectroscopic properties.  

A detailed geometrical and electronic structure analysis was performed in order to identify 

the factors controlling the character of the excited states which contribute to the absorption and 

emission processes in terms of MLCT/XLCT and LLCT transitions/decays in the NHC 

diastereomers and of ILCT transitions in the helicenic diastereomers. 

Calibration of various TD-DFT protocols was performed against experimental data as well 

as STEOM-DLPNO-CCSD reference method results, regarding their ability to compute the 

ABS and ECD spectra of selected diastereomers from the study set. Based on these results the 

PBE0/TD-DFT protocol was chosen for the production calculations.  

The shapes of the absorption and the phosphorescence spectra of the whole set of 

enantiomers associated to the chosen chiral Re(I) molecules were computed at the PBE0/TD-

DFT level in the framework of the excited state dynamics (ESD) approach of the ORCA 

computational package. In particular, besides absorption and emission transition rates for 

generating ABS and PL spectra, ESD was extended to be able to treat circularly polarized 

radiative, as well as non-radiative transition rates, providing access to the computation of ECD, 

CPL spectra and photoluminescent quantum yield (PLQY) values. The very good agreement 

between theory and experiment allowed a quantitative electronic structure analysis of all the 

observed bands. In particular this was performed in the framework of natural transition orbitals 

(NTO) and TheoDORE analysis of all the observed parent non-relativistic and the 

relativistically corrected spectral features. It was demonstrated that the excited state multiplet 

that leads the emission process in the NHC diastereomers is of MLCT/XLCT character while 

in the helicenic diastereomers is mainly ILCT. 

In view of the good agreement between experimental and computed phosphorescence 

spectra a further detailed analysis is provided. It was revealed that the emissive multiplet in 

NHC diastereomers has axial anisotropy with large and negative ZFS parameters, while in 

helicenic diastereomers it is isolated and has easy-plane anisotropy with small ZFS parameters. 
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This was found to have a pronounced effect on the emission spectra resolutions and on both 

the radiative and non-radiative relaxations times. The NHC diastereomer emission process 

provides the fastest relaxation pathway proceeding through the  M¬ = 0  components of the 

parent non-relativistic ground S0 and T1 and S2 excited states. In contrast, in the helicenic 

diastereomers the emission process proceeds mainly through  M¬ = 0,±1  components of the 

parent non-relativistic excited T1 state and the M¬ = 0 component of the S0 ground state. The 

later contributions found to be sensitive to steric effects which in a sense block the free-rotation 

of the induced magnetization on the easy-plane. Such steric effects have a direct and significant 

effect on the phosphorescence relaxation times of the helicenic diastereomers possessing 

parallel vs. antiparallel aligned halogen and helicenic ligand. They are also responsible for the 

intensity variations observed on the CPL spectra of the helicenic diastereomers. 

Seeking further validation of this multistate photoluminescent intensity mechanisms in a 

last step we performed a spin-vibronic analysis at the SA-CASSCF/QD-NEVPT2 level of 

theory. Selection of the relevant vibrational modes was performed on the basis of Huang-Rhys 

factor analysis and RR computed spectra. The analysis confirmed the TD-DFT observation 

revealing strong spin-vibronic coupling effects in the NHC diastereomers and much weaker 

effects in case of the helicenic diastereomers. In particular in the I-substituted helicenic 

diastereomers the spin vibronic-coupling is practically negligible. These observations are also 

consistent with the photoluminescence quantum yields and the relaxation rates. 

We believe that the presented results are of paramount importance in the field of the 

photoluminescent chiral transition metal complexes. Research in our laboratories is ongoing, 

for further exploring the abilities of the established protocol in investigating the 

photoluminescent properties of novel chiral transition metal chemical systems. The 

fundamental understanding of the parameters that govern chiroptical properties in coordination 

chemistry compounds is essential to a rational design of new chiral transition metal emitter
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17 General Conclusion: A Journey through 
Photoluminescence Complexity 

 

In the pursuit of unraveling the photophysical properties of photoluminescent inorganic solid-

state and organometallic materials, this thesis embarked on a comprehensive journey spanning 

computational protocols, fundamental principles, and thorough electronic structure 

investigation of specific luminescent systems. The overarching motivation was to overcome 

challenges inherent in understanding f-block and d-block element-containing materials, 

fostering a deeper comprehension of their electronic, structural, and optical intricacies. 

Through a systematic approach, this research aimed to contribute not only to fundamental 

knowledge but also to the practical design of materials with tailored luminescent properties, 

promising advancements in diverse fields. 

The initial segment laid the groundwork, elucidating the fundamental principles of 

computational chemistry and spectroscopy. This established the significance of these tools in 

analyzing the optical properties of transition and rare transition metal ions in both molecular 

complexes and solid-state materials. By establishing correlations between optical features and 

structural/electronic characteristics, this foundation became a valuable guide for designing new 

materials with targeted properties. 

Transitioning into the heart of the study, the focus shifted to Eu2+-doped phosphors. The 

objectives were clear: develop a computational protocol to explore electronic structures, states, 

and optical transitions, and unravel the impact of vibronic coupling effects. The findings, 

intricately woven across multiple chapters, demonstrated the versatility of the computational 

protocol. From accurately predicting optical properties and emission features to systematically 

enhancing the emission properties of specific phosphors, the research exemplified the power 

of theoretical insights in guiding practical applications. 
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The exploration did not stop at computational predictions; it extended to establishing 

requirements for designing narrow-band Eu2+-doped phosphors. Suppression of structural 

relaxation, maintenance of axial magnetic structure, and strong spin-orbit coupling emerged as 

pivotal parameters. The study provided close insights into the intrinsic electronic and magnetic 

properties of these phosphors, offering guidelines for their tailored design. The journey, 

encapsulated in these chapters, was a testament to the synergy between theoretical 

understanding and practical applications. 

Venturing further into the realm of chiral Re(I) complexes, the research unfolded a 

groundbreaking computational protocol. This protocol, designed to predict the optical 

properties of chiral complexes, harnessed TD-DFT calculations and an ESD approach. Through 

a meticulous analysis of diastereomers within the [fac-ReX(CO)3L] family, the study 

uncovered distinctive emission characteristics influenced by spin-vibronic coupling. This 

chapter not only expanded the horizons of computational chemistry but also delved into the 

chiroptical intricacies of transition metal complexes. 

In conclusion, this thesis transcends the confines of academic exploration. It is a testament 

to the transformative potential of computational insights in guiding the design and 

understanding of luminescent materials. From foundational principles to specific luminescent 

systems, each chapter contributes to a holistic narrative, offering valuable guidelines for future 

research and applications. The implications extend beyond theoretical advancements, 

promising innovations in energy-efficient lighting technologies, luminescent probes for 

biological imaging, and novel materials for quantum information processing. As we stand at 

the intersection of fundamental science and practical innovation, this research serves as a 

beacon, illuminating the path toward a future where tailored luminescent materials shape 

technological landscapes and societal advancement
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A. Additional Information to PART II  

 

Figure A. 1. The change of orbital energy of CASSCF(7,19) optimized active orbitals with 

PES scanned along 𝒆𝒈 mode, calculated on [Eu(NH3)8]2+ model structure. The 5f active orbitals 

are omitted. 
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Table A. 1. The computed FWHM300K, reorganization energy and Huang–Rhys factor 𝑺 for 

BMS, SMS, CLA, SLA, SALON and SLBO phosphors. 

Phosphor  Doping site  FWHM300K 
(cm-1) 

Reorganization energy 
(cm-1) 𝑆 

Ba[Mg3SiN4]:Eu2+ 

(BMS)  Ba2+  2015 300.44 0.360 

Sr[Mg3SiN4]:Eu2+ 

(SMS) 
 Sr2+  1150 70.29 0.084 

Ca[LiAl3N4]:Eu2+ 
(CLA)  Ca2+  1340 28.40 0.035 

Sr[LiAl3N4]:Eu2+ 
(SLA)  Sr12+  1140 7.85 0.010 

Sr[Al2Li2O2N2]:Eu2+ 
(SALON) 

 Sr2+  1220 23.72 0.029 

SrLi2[Be4O6]:Eu2+ 
(SLBO)  Sr2+  1220 8.58 0.012 

 

 

Table A. 2. The calculated luminescence rates, 𝑹𝒇𝒍𝒖	(𝒔+𝟏) and relaxation times 𝝉𝒇𝒍𝒖	(𝒔) for the 

study set of the Eu2+ doped phosphors within Franck Condon (FC) and with and without 

Herzberg Teller (HT) corrections, for BMS, SMS, CLA, SLA, SALON and SLBO phosphors.  

Phosphor Doping site 
 FC FC/HT 

 
𝑅�NO		
(𝑠+') 

𝜏�NO		
(𝑠) 

𝑅�NO		
(𝑠+') 

𝜏�NO		
(𝑠) 

Ba[Mg3SiN4]:Eu2+ 

BMS Ba2+  1.5x104 6.7 x10-5 1.5x105 1.9 x10-6 

Sr[Mg3SiN4]:Eu2+ 

SMS Sr2+  1.4x105 7.1 x10-6 1.4x109 1.1 x10-10 

Ca[LiAl3N4]:Eu2+ 
CLA Ca2+  6.9x104 1.5 x10-5 6.9x1010 3.3 x10-11 

Sr[LiAl3N4]:Eu2+ 
SLA Sr12+  1.3x105 7.7 x10-6 1.3x109 1.4 x10-10 

Sr[Al2Li2O2N2]:Eu2+ 
SALON Sr2+  1.4x103 7.1 x10-4 1.4x108 2.2 x10-9 

SrLi2[Be4O6]:Eu2+ 
SLBO Sr2+  1.3x104 7.7 x10-5 1.3x108 1.6 x10-9 
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A.1. Descriptors in phosphors 

Experimental optical band gaps as well as the energy splitting of the f-orbitals define two 

widely used descriptors. In fact, as it was shown in Scheme 9.1, optical band gaps can be used 

to predict the energy position of the emission band and define the color of the phosphor. 

Recently, experimental band gaps have been used as descriptors in the framework of machine 

learning techniques1-2 Similarly, a quantitative descriptor refers to the energy splitting 

between the two highest Eu f-based MOs. It has been shown that an energy separation by more 

than 0.1 eV is necessary to achieve emission with narrow bandwidth.[365] This is based on the 

idea that large energy splitting in these MOs will prevent multiple overlapping relaxation 

transitions giving homogenous emission with narrow band. Unfortunately, none of the above 

descriptors is able to properly probe the chemical environment around the doped Eu2+ across 

the phosphors. Hence such descriptors cannot capture the case of anomalous emission of BMS 

or the Stokes shift variation across the different phosphors of the study set. It was shown 

(Section 10.8) that the energy position and bandwidth of the emission spectrum in phosphors 

is directly related to the metal-ligand covalency around the Eu2+ centers. In the following we 

will develop descriptors that are based on the metal-ligand chemical environment of these 

systems.  

First, the relation of the coordination environment around the Eu2+ centers with the 

experimental emission maximum across the set of the chosen phosphors is investigated. The 

results are shown in Figure A. 2. As is shown, a linear relation between the average bond length 

Eu-L, L=N, O is obtained for the series SMS, CLA, SLA and SALON. As illustrated in Figure 

10.1 this behavior reflects the fact that a decrease of the crystal field strength is associated with 

a blue shift in the emission maximum. However, such a relation is still not sensitive enough to 

predict the red shift of BMS as well as the blue shift of SLBO. Computation of the respective 

Eu-L, L=N, O average force constants across the series shows the exact same behavior (Figure 

A. 2 b) which might be expected based on Badger’s rule.[567] By contrast, some degree of 

linear relation involving the entire study set of the phosphors is observed between the average 

bond length Eu-M, M=Sr, Ca, Ba of the Eu center and the host ligand counter ion (Figure A. 

2 c). However, none of these descriptors is entirely satisfactory. 
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Figure A. 2. Experimental emission band energy at max. intensity,  λ`¨° (cm-1) as a function 

of a) the average bond length Eu− L	*Å,, b) the average force constant Eu− L	(MD/Å) and 

c) the average bond length Eu−M	(Å) in SMS (green cycle), BMS (brown cycle), SLA 

(orange cycle), CLA (blue cycle), SALON (red cycle) and SLBO (purple cycle). Red dot is a 

linear regression. 
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Table A. 3. The DFT(PBE0) ligand field splitting (𝚫𝐄𝐋𝐅) of Eu	5d orbital and the energy 

separation between barycenters of 4f-5d manifolds (𝚫𝐄𝐟𝐝), of CBLA2, RNLSO, and RNLSO2 

phosphors at their different candidate doping centers (M). For CBLA2 (M=Ba2+ or Ca2+), 

RNLSO (M=Rb+, Na1+ or Na2+) and RNLSO2 (M=Rb+ or Na+).  

Phosphor Doping site 
ΔEfd 

(eV) 

ΔELF 

(eV) 

CaBa[LiAl3N4]2:Eu2+ 

CBLA2 

Ba2+ 3.08 2.17 

Ca2+ 1.06 4.63 

    

RbNa3[Li3SiO4]4:Eu2+ 

RNLSO 

Rb+ 4.16 1.60 

Na1+ 2.94 3.06 

Na2+ 2.42 3.60 

    

RbNa[Li3SiO4]2:Eu2+ 

RNLSO2 

Rb+ 3.03 2.02 

Na+ 2.38 3.68 
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Table A. 4. Description of the employed (RNLSO, RNLSO2, CBLA2) Eu2+-doped clusters 

within the embedded cluster approach in terms of the doping site (M), QCs size (N),  the QCs 

composition, HF layers, the number of atoms in the ECP region, the number of points in the 

PC region and the converged CHELPG charges of ECPs and PCs. An Eu-doped cluster is 

constructed by replacing one doping site, (Na+ /Rb+/Ca2+	/Ba2+) cation. 

Phosphor Doping 
site 

Cluster 
Size QC HF n(cECP) n(PC) CHELPG 

Charges 

RbNa3[Li3SiO4]4:Eu2+ 
RNLSO 

Na1+ 

1 [𝑬𝒖𝑳𝒊𝟖𝑶𝟐𝟎]𝟑𝟎% [𝑹𝒃𝟐𝑵𝒂𝟔𝑳𝒊𝟖𝑺𝒊𝟒]𝟑𝟐 232 36886 
Rb:1.62, 
Na:0.92, 
Si: 2.62, 
Li: 1.17, 
O: -2.09 

2 [𝑬𝒖𝑹𝒃𝑳𝒊𝟏𝟐𝑶𝟐𝟖]𝟒𝟏% [𝑹𝒃𝑵𝒂𝑳𝒊𝟖𝑺𝒊𝟖]𝟒𝟐 254 36864 
3 [𝑬𝒖𝑹𝒃𝟐𝑳𝒊𝟏𝟔𝑶𝟑𝟔]𝟓𝟐% [𝑵𝒂𝟏𝟐𝑳𝒊𝟖𝑺𝒊𝟖]𝟓𝟐 314 36768 
4 [𝑬𝒖𝑹𝒃𝟐𝑵𝒂𝑳𝒊𝟐𝟎𝑶𝟒𝟒]𝟔𝟑% [𝑹𝒃𝑵𝒂𝟑𝑳𝒊𝟏𝟐𝑺𝒊𝟏𝟐]𝟔𝟒 342 36740 
5 [𝑬𝒖𝑹𝒃𝟐𝑵𝒂𝟐𝑳𝒊𝟐𝟒𝑶𝟓𝟐]𝟕𝟒% [𝑹𝒃𝟐𝑵𝒂𝟏𝟎𝑳𝒊𝟏𝟔𝑺𝒊𝟏𝟐]𝟕𝟔 396 36650 

       

Na2+ 

1 [𝑬𝒖𝑳𝒊𝟒𝑺𝒊𝟒𝑶𝟐𝟎]𝟏𝟖% [𝑹𝒃𝟑𝑵𝒂𝟓𝑳𝒊𝟏𝟐]𝟐𝟎 200 36918 
Rb:1.55, 
Na:1.04, 
Si: 2.78, 
Li: 1.20, 
O: -2.06 

2 [𝑬𝒖𝑵𝒂𝑳𝒊𝟔𝑺𝒊𝟔𝑶𝟐𝟖]𝟐𝟑% [𝑹𝒃𝟐𝑵𝒂𝟔𝑳𝒊𝟏𝟔]𝟐𝟒 230 36932 
3 [𝑬𝒖𝑵𝒂𝟐𝑳𝒊𝟖𝑺𝒊𝟖𝑶𝟑𝟔]𝟐𝟖% [𝑹𝒃𝟒𝑵𝒂𝟔𝑳𝒊𝟐𝟎]𝟑𝟎 274 36808 
4 [𝑬𝒖𝑵𝒂𝟑𝑳𝒊𝟏𝟎𝑺𝒊𝟏𝟎𝑶𝟒𝟒]𝟑𝟑% [𝑹𝒃𝟐𝑵𝒂𝟖𝑳𝒊𝟐𝟒]𝟑𝟒 310 36816 
5 [𝑬𝒖𝑵𝒂𝟒𝑳𝒊𝟏𝟐𝑺𝒊𝟏𝟐𝑶𝟓𝟐]𝟑𝟖% [𝑹𝒃𝟓𝑵𝒂𝟕𝑳𝒊𝟐𝟖]𝟒𝟎 348 36698 

       

Rb+ 

1 [𝑬𝒖𝑳𝒊𝟖𝑶𝟐𝟎]𝟑𝟎% [𝑵𝒂𝟏𝟎𝑳𝒊𝟒𝑺𝒊𝟒]𝟑𝟎 230 36878 
Rb:1.53, 
Na:0.99, 
Si: 2.66, 
Li: 1.13, 
O: -2.00 

2 [𝑬𝒖𝑵𝒂𝑳𝒊𝟏𝟐𝑶𝟐𝟖]𝟒𝟏% [𝑹𝒃𝑵𝒂𝑳𝒊𝟖𝑺𝒊𝟖]𝟒𝟐 254 36864 
3 [𝑬𝒖𝑵𝒂𝟐𝑳𝒊𝟏𝟔𝑶𝟑𝟔]𝟓𝟐% [𝑹𝒃𝟐𝑵𝒂𝟖𝑳𝒊𝟏𝟐𝑺𝒊𝟖]𝟓𝟒 314 36756 
4 [𝑬𝒖𝑹𝒃𝑵𝒂𝟐𝑳𝒊𝟐𝟎𝑶𝟒𝟒]𝟔𝟑% [𝑹𝒃𝑵𝒂𝟑𝑳𝒊𝟏𝟐𝑺𝒊𝟏𝟐]𝟔𝟒 342 36740 
5 [𝑬𝒖𝑹𝒃𝟐𝑵𝒂𝟐𝑳𝒊𝟐𝟒𝑶𝟓𝟐]𝟕𝟒% [𝑵𝒂𝟏𝟔𝑳𝒊𝟏𝟐𝑺𝒊𝟏𝟐]𝟕𝟔 396 36638 

        
        

RbNa[Li3SiO4]2:Eu2+ 
RNLSO2 

Na+ 

1 [𝑬𝒖𝑳𝒊𝟒𝑺𝒊𝟒𝑶𝟐𝟎]𝟏𝟖% [𝑹𝒃𝟒𝑵𝒂𝟐𝑳𝒊𝟏𝟐]𝟏𝟖 192 36428 
Rb:1.47, 
Na:0.90, 
Si: 2.74, 
Li: 1.13, 
O: -2.21 

2 [𝑬𝒖𝑵𝒂𝑳𝒊𝟔𝑺𝒊𝟔𝑶𝟐𝟖]𝟐𝟑% [𝑹𝒃𝟔𝑵𝒂𝟐𝑳𝒊𝟏𝟔]𝟐𝟒 230 36454 
3 [𝑬𝒖𝑵𝒂𝟐𝑳𝒊𝟖𝑺𝒊𝟖𝑶𝟑𝟔]𝟐𝟖% [𝑹𝒃𝟖𝑵𝒂𝟐𝑳𝒊𝟐𝟎]𝟑𝟎 274 36308 
4 [𝑬𝒖𝑵𝒂𝟑𝑳𝒊𝟏𝟎𝑺𝒊𝟏𝟎𝑶𝟒𝟒]𝟑𝟑% [𝑹𝒃𝟖𝑵𝒂𝟐𝑳𝒊𝟐𝟒]𝟑𝟒 310 36338 
5 [𝑬𝒖𝑵𝒂𝟒𝑳𝒊𝟏𝟐𝑺𝒊𝟏𝟐𝑶𝟓𝟐]%𝟑𝟖 [𝑹𝒃𝟖𝑵𝒂𝟐𝑳𝒊𝟐𝟖]𝟑𝟖 346 36202 

       

Rb+ 

1 [𝑬𝒖𝑳𝒊𝟖𝑶𝟐𝟎]𝟑𝟎% [𝑹𝒃𝟐𝑵𝒂𝟖𝑳𝒊𝟔𝑺𝒊𝟒]𝟑𝟐 232 36318 
Rb:1.56, 
Na:1.00, 
Si: 2.81, 
Li: 1.18, 
O: -2.17 

2 [𝑬𝒖𝑹𝒃𝑳𝒊𝟏𝟐𝑶𝟐𝟖]𝟒𝟏% [𝑹𝒃𝟐𝑵𝒂𝟐𝑳𝒊𝟔𝑺𝒊𝟖]𝟒𝟐 260 36402 
3 [𝑬𝒖𝑹𝒃𝟐𝑳𝒊𝟏𝟔𝑶𝟑𝟔]𝟓𝟐% [𝑹𝒃𝟐𝑵𝒂𝟏𝟐𝑳𝒊𝟖𝑺𝒊𝟖]𝟓𝟒 314 36200 
4 [𝑬𝒖𝑹𝒃𝟑𝑳𝒊𝟐𝟎𝑶𝟒𝟒]𝟔𝟑% [𝑹𝒃𝟐𝑵𝒂𝟐𝑳𝒊𝟏𝟐𝑺𝒊𝟏𝟐]𝟔𝟒 342 36284 
5 [𝑬𝒖𝑹𝒃𝟒𝑳𝒊𝟐𝟒𝑶𝟓𝟐]𝟕𝟒% [𝑹𝒃𝟐𝑵𝒂𝟒𝑳𝒊𝟏𝟒𝑺𝒊𝟏𝟒]𝟕𝟔 384 36100 

        
        

CaBa[LiAl3N4]2 
CBLA2 

Ba2+ 

1 [𝑬𝒖𝑳𝒊𝟒𝑨𝒍𝟒𝑵𝟐𝟎]𝟒𝟐% [𝑪𝒂𝟖𝑩𝒂𝟐𝑨𝒍𝟖]𝟒𝟒 224 35228 
Ba:1.87, 
Ca:1.63, 
Al: 1.93, 
Li: 0.88, 
N: -2.36 

2 [𝑬𝒖𝑩𝒂𝑳𝒊𝟔𝑨𝒍𝟔𝑵𝟐𝟖]𝟓𝟔% [𝑪𝒂𝟐𝑩𝒂𝟐𝑨𝒍𝟏𝟔]𝟓𝟔 256 35086 
3 [𝑬𝒖𝑩𝒂𝟐𝑳𝒊𝟖𝑨𝒍𝟖𝑵𝟑𝟔]𝟕𝟎% [𝑪𝒂𝟒𝑩𝒂𝟐𝑨𝒍𝟐𝟎]𝟕𝟐 298 35120 
4 [𝑬𝒖𝑩𝒂𝟑𝑳𝒊𝟏𝟎𝑨𝒍𝟏𝟎𝑵𝟒𝟒]𝟖𝟒% [𝑪𝒂𝟒𝑩𝒂𝟐𝑨𝒍𝟐𝟒]𝟖𝟒 344 34962 
5 [𝑬𝒖𝑩𝒂𝟒𝑳𝒊𝟏𝟐𝑨𝒍𝟏𝟐𝑵𝟓𝟐]𝟗𝟖% [𝑪𝒂𝟔𝑩𝒂𝟐𝑨𝒍𝟐𝟖]𝟏𝟎𝟎 386 34996 

       

Ca2+ 

1 [𝑬𝒖𝑨𝒍𝟖𝑵𝟐𝟎]𝟑𝟒% [𝑪𝒂𝟐𝑩𝒂𝟒𝑳𝒊𝟔𝑨𝒍𝟔]𝟑𝟔 192 35264 
Ba:1.77, 
Ca:1.63, 
Al: 1.93, 
Li: 0.93, 
N: -2.27 

2 [𝑬𝒖𝑪𝒂𝑨𝒍𝟏𝟐𝑵𝟐𝟖]𝟒𝟒% [𝑪𝒂𝟐𝑩𝒂𝟒𝑳𝒊𝟖𝑨𝒍𝟖]𝟒𝟒 234 35096 
3 [𝑬𝒖𝑪𝒂𝟐𝑨𝒍𝟏𝟔𝑵𝟑𝟔]𝟓𝟒% [𝑪𝒂𝟐𝑩𝒂𝟖𝑳𝒊𝟒𝑨𝒍𝟏𝟎]𝟓𝟒 272 35150 
4 [𝑬𝒖𝑪𝒂𝟑𝑨𝒍𝟐𝟎𝑵𝟒𝟒]𝟔𝟒% [𝑪𝒂𝟐𝑩𝒂𝟏𝟐𝑳𝒊𝟏𝟐𝑨𝒍𝟖]𝟔𝟒 314 34978 
5 [𝑬𝒖𝑪𝒂𝟒𝑨𝒍𝟐𝟒𝑵𝟓𝟐]𝟕𝟒% [𝑪𝒂𝟐𝑩𝒂𝟖𝑳𝒊𝟏𝟒𝑨𝒍𝟏𝟒]𝟕𝟔 346 35038 
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A.2. Cluster Size Convergence – Choice of the 
Computational Protocol 

Initially, it is essential to identify the minimum cluster size that encapsulates all relevant 

electronic structure information and the most efficient computational protocol (DFT 

functional) in both the host and doped materials. For, each probable doping center, the optical 

band gap of the host structures were calculated by the similarity transformed equation of 

motion domain-based local pair natural orbital coupled cluster singles and doubles (STEOM-

DLPNO-CCSD)[416, 417] as well as TD-DFT[237] methods.  In the latter, a collection of  DFT 

functionals were chosen, belonging to the GGA: PBE,[226] hybrid: PBE0,[227, 234, 235] 

range separated hybrid: CAM-B3LYP,[441] double hybrid: B2PLYP,[236] and range separated 

double hybrid: ωB2PLYP[442] families. Similarly, TD-DFT and CASSCF(7,19)/NEVPT2 

methods were employed to compute the band gap energies of the Eu2+-doped structures.  

As a first step the cluster size convergence is evaluated on the basis of the optical band gap 

(Eg) energies of the host structures. As has been described previously, [84] the optical band gap 

is defined as the lowest optically allowed electronic excitation energy.  

As seen in Figure A. 3, the lowest excitation energies in the host, for all employed 

functionals, were converged at the trimer cluster size. In the case of the CBLA clusters the 

lowest excitation energy (optical Eg) is observed for the clusters containing Ba2+ centers while 

in the case of RNLSO and RNLSO2 clusters the lowest excitation energy (optical Eg) is 

observed for the clusters containing Na+ centers. 

As shown in Figure A. 3 and Figure A. 4, and Table A. 5, in comparison to the available 

experimental data[330, 376] the computed values show significant underestimations and non-

systematic deviations ranging between ~15500-37500 cm-1 (1.9-4.6 eV). In contrast, as has 

been observed previously[80, 84] the situation changes rapidly when STEOM-DLPNO-CCSD 

is employed to compute the band gap energies (Figure A. 4). In the case of RNLSO and 

RNLSO2 the MAE errors drop below 0.03 eV in comparison to the available experimental 

data. Hence in a next step STEOM-DLPNO-CCSD is employed to evaluate the performance 

of the various DFT functionals. 

Table A. 5 shows that in comparison to the STEOM-DLPNO-CCSD computed values MAE 

decreases in the sequence PBE, PBE0, CAM-B3LYP, B2PLYP and ωB2PLYP (MAE=4.6, 3.1, 

2.4, 3.0, and 1.9 eV, respectively). This general failure of TD-DFT to computed the Eg energies 
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of these systems is not surprising[444] as in fact they reflect non-rigid O&+ − 2p → Nar − 3s 

(for RNLSO and RNLSO2) and Nj+ − 2p → Ba&r − 5d (for CBLA2) ligand to metal charge 

transfer (LMCT) transitions. This is shown in Figure 11.6 for RNLSO as a collective 

representative example, where experimental optical band gap can be reproduced only on 

STEOM-DLPNO-CCSD level of theory on the trimer cluster.  

In a next step, the first excitation energies of the Eu2+-doped phosphors were computed at 

the various doping centers at the TD-DFT and the CASSCF(7,19)/NEVPT2 levels of theory 

employing the monomer clusters. The results are presented in Table A. 6. By comparing the 

various TD-DFT computed energies against the CASSCF/NEVPT2 values, which are taken as 

a reference, the situation with respect to the undoped phosphors is changing drastically. GGA 

and double hybrid functionals outperform showing MAE values which range between ~ 5000-

7000 cm-1 (0.62-0.87 eV) from the reference CASSCF/NEVPT2 values. In contrast, the hybrid 

functionals (PBE0, CAM-B3LYP) show noticeable smaller deviations when compared against 

the EOM-CCSD computed values, MAE ~ 500-700 cm-1 (0.06-0.09 eV). This is due to the 

different nature of the probed transition. In the case of the undoped phosphors the transitions 

that dominates the band gap energies are of LMCT character while in the case of the Eu2+-

doped ones they have a rigid 4f → 5d character. This implies that hybrid functionals (PBE0 or 

CAM-B3LYP) are indeed good candidates for targeting the absorption and photoluminescence 

properties of the study set of Eu2+-doped phosphors. 

In a last step based on its performance the PBE0 hybrid functional is employed to compute 

the absorption spectra of the study set of the Eu2+-doped phosphors in the sequence monomer 

to pentamer clusters. The results are presented in Figure A. 5 showing once again that in all 

studied cases the TD-DFT/PBE0 computed spectra converge for the trimer cluster size. 

Provided that the spectra are shifted by ~500 − 700	cm-1, the computed spectra are also in 

satisfactory visual agreement to experiment in terms of the number and the relative intensities 

of the computed bands.  

Based of the above results and in an effort to stay consistent with our previous study on 

narrow band Eu2+-doped phosphors,[80] in the following sections the trimer structures are 

chosen for the production calculations and analysis of the absorption and emission processes 

employing the TD-DFT/PBE0 computational protocol in conjunction with the excited state 

dynamics (ESD). 
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Figure A. 3. TD-DFT computed first excitation energies (eV) of the hosts for the variety 

undoped QC sizes (n = 1: monomers, 2: dimers, 3: trimers, 4: tetramers, 5: pentamers) across 

the employed study set of phosphors, a) CBLA2 (at Ba2+ site in red and at Ca2+	 site blue), b) 

RNLSO (at Na1+ site in red, at Rb+ site in blue, and at Na2+ site in green), c) RNLSO2 (at 

Na+ site in red and at Rb+ site in blue). The following DFT functionals were employed, 

𝜔B2PLYP (1st row), B2PLYP (2nd row) CAM-B3LYP (3rd row), PBE0 (4th row) and PBE (5th 

row). 
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Figure A. 4. STEOM-DLPNO-CCSD computed first excitation energies (eV) of the hosts, for 

the variety undoped QC sizes (n = 1: monomers, 2: dimers, 3: trimers), across the employed 

study set of phosphors, a) CBLA2 (at Ba2+ site in red and at Ca2+  site blue), b) RNLSO (at 

Na+ site in red, at Rb+ site in blue, and at Na2+ site in green), c) RNLSO2 (at Na+ site in red 

and at Rb+ site in blue). In the case of RNLSO, RNLSO2 black dotted lines represent the 

available experimental optical band gap energies[330, 376]. 

Note: STEOM-DLPNO-CCSD computations for larger clusters (tetramers and pentamers) 

present challenges due to resource limitations, where calculations became very expensive in 

terms of memory and time. In addition, it is clear that in all cases the size convergence has been 

reached at trimer clusters. Only for CBLA2 at Ca2+ site, the size convergence is not reached, 

however, the optical band gap for CBLA2 was estimated based converged first excitation 

energies of CBLA2 at Ba2+ site which is lower in energy with respect energies at Ca2+ sites. 
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Table A. 5. Calculated band gaps of trimer clusters of CBLA2, RNLSO, and RNLSO2 

phosphors’ hosts using TD-DFT/ PBE, PBE0, CAM-B3LYP, B2PLYP and ωB2PLYP as well 

as using STEOM-DLPNO-CCSD. The calculated optical band gap (Eg) energy is chosen as 

the lowest first excitation energies across different metal centers per host (Figure A. 3 and 

Figure A. 4) and compared with available measured experimental Eg. All values are in cm-1, 

and also in eV in parentheses. 

Phosphor’s Host Central 
cation 

Calc. optical band gap in cm-1 (eV) 
Exp.  

band gap 
cm-1  
(eV) 

TD-DFT STEOM-
DLPNO-

CCSD PBE PBE0 CAM-
B3LYP B2PLYP 𝜔B2PLYP 

CaBa[LiAl3N4]2 

CBLA2 
Ba2+ 

8388 

(1.04) 

19035 

(2.36) 

26052 

(3.23) 

18147 

(2.25) 

31214 

(3.87) 

39844 

(4.94) 
-- 

RbNa3[Li3SiO4]4 

RNLSO 
Na1+ 

6372 

(0.79) 

18309 

(2.27) 

23793 

(2.95) 

21212 

(2.63) 

12582 

(1.56) 

48071 

(5.96) 

47829 

(5.93) 

RbNa[Li3SiO4]2 

RNLSO2 
Na+ 

7501 

(0.93) 

21132 

(2.62) 

26536 

(3.29) 

23632 

(2.93) 

29520 

(3.66) 

46941 

(5.82) 

46458 

(5.76) 

         

*MAE  
37289 

(4.62) 

25218 

(3.13) 

19249 

(2.39) 

23712 

(2.94) 

15405 

(1.91) 

241 

(0.03) 
 

*MAE are calculated with respect to the experiment, except for CBLA2, due to lack of 

experimental Eg, STEOM-DLPNO-CCSD is taken as a reference. 
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Table A. 6. The first excitation energies (in cm-1) calculated using TD-DFT employing various 

functionals (PBE, PBE0, CAM-B3LYP, B2PLYP, and 𝜔B2PLYP) as well as 

CASSCF(7,19)/NEVPT2 for the smallest Eu2+-doped embedded clusters (monomers, n=1). 

All the probable doping site was tested Ba2+/Ca2+	and Na+/Rb+ for CBLA2 and both RNLSO 

and RNLSO2, respectively. The energy shift (in cm-1) of the TD/DFT computed first excited 

state energy form the respective CASSCF-NEVPT2 energy is shown in parentheses. In the last 

two rows, the mean absolute errors MAE and the mean absolute deviations MAE(%) of the 

computed first excited state are presented taking the computed CASSCF/NEVPT2 energies as 

reference. 

Phosphor Doping 
site 

1st Excitation Energy (cm-1) 

PBE PBE0 CAM-
B3LYP B2PLYP ωB2PLYP 

CASSCF/ 
NEVPT2  

CaBa[LiAl3N4]2:Eu2+ 

CBLA2 

Ba2+ 
12406 

(8773) 

21601 

(-422) 

21764 

(-585) 

14537 

(6642) 

16118 

(5061) 
21179 

Ca2+ 
3807 

(8561) 

12170 

(198) 

11998 

(370) 

5142 

(7226) 

7343 

(5025) 
12368 

RbNa3[Li3SiO4]4:Eu2+ 

RNLSO 

Na1+ 
16402 

(5880) 

22104 

(178) 

22072 

(210) 

16664 

(5618) 

17687 

(4595) 
22282 

Na2+ 
13052 

(6886) 

20876 

(-938) 

19192 

(746) 

12669 

(7269) 

14853 

(5085) 
19938 

Rb+ 
24621 

(4248) 

29242 

(-373) 

28481 

(388) 

23181 

(5688) 

23657 

(5212) 
28869 

RbNa[Li3SiO4]2:Eu2+ 

RNLSO2 

Na+ 
12680 

(7023) 

20586 

(-883) 

18895 

(808) 

12431 

(7272) 

14656 

(5047) 
19703 

Rb+ 
12803 

(1003
9) 

22237 

(605) 

21294 

(1548) 

15181 

(7661) 

16521 

(6321) 
22842 

        

MAE 7344.3 513.7 665.0 6768.0 5192.3 -- 

MAE (%) 34.9 2.4 3.2 32.2 24.7 -- 

 



A. Additional Information to PART II 

 313 

 

 

Figure A. 5. Experimental (in black) and TD-DFT PBE0 calculated (in red) absorption spectra 

at different size doped QC (monomers, dimers, trimers, tetramers, and pentamers) for a) 

RNLSO (Na1 site in pale red, Rb site in pale blue, and Na2 site in pale green fill), b) RNLSO2 

(Na site in pale red and Rb site in pale blue fill) and c) CBLA2 (Ba site in pale red and Ca site 

pale blue fill). A shift between 500-700 cm-1 is applied to spectra for agreement to the 

experimental spectra. 
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Figure A. 6. SA-CASSCF(7,19)/NEVPT2 non-relativistic ground and lowest (emitting) 

excited state and their relaxation and splitting due SOC of the monomer structure of 

CBLA2:Eu2+ doped at Ba2+ and Ca2+ sites, respectively.  
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Figure A. 7. Local energy decomposition (LED) analysis of DLPNO-CCSD(T) doping 

energies (black bars) for for all the studied systems (CBLA2, RNLSO2, RNLSO and proposed 

CBLA) at the all probable sites for Eu2+ doping in terms of ionic (∆𝐸(%$>Sk) and covalent  

(∆𝐸%#%+�(<!L  and  ∆𝐸�(<!L  ) interactions, shown in in red, blue, and purple bars, respectively.  
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Table A. 7. Eu2+ doping energies (eV) for CBLA2, CBLA, RNLSO, and RNLSO2, at the 

different candidate doping centers of trimers clusters computed at DFT(PBE0) and DLPNO-

CCSD(T) methods. 

Phosphor Doping 
site 

Doping Energy (eV) 

PBE0 DLPNO-CCSD(T) 

CaBa[LiAl3O4]2:Eu2+ 

CBLA2 
Ba2+ -1.62 -3.67 

Ca2+ 1.65 -0.67 

Ca3Ba[LiAl3O4]4:Eu2+ 

CBLA 

Ba2+ -2.93 -3.12 

Ca(1)2+ 0.63 -2.81 

Ca(2)2+ 1.33 -1.97 

RbNa3[Li3SiO4]4:Eu2+ 

RNLSO 

Na(1)+ -2.55 -1.32 

Na(2)+ -2.09 -0.88 

Rb+ -4.42 -1.66 

RbNa[Li3SiO4]2:Eu2+ 

RNLSO2 
Na+ -2.14 -0.87 

Rb+ -4.51 -3.34 

 

 

 

Figure A. 8. a, c) Trimer cuboids and b,d) experimental and ESD/TD-DFT/PBE0 calculation 

absorption and emission spectra alongside NTO analysis of the lowest excited states at probable 

doping sites for RNLSO2:Eu2+ and RNLSO:Eu2+, respectively. 
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Figure A. 9. Huang-Rhys factors (S) distribution over the vibration degree of freedom of the 

emission transition in trimer model of CBLA2:Eu2+ doped at Ca2+ site. The highest contributing 

modes within the asymmetric and symmetric vibration regions (t&¯ and e¯ modes, respectively) 

are also visualized. 
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Figure A. 10. a) Illustration of the  𝑒s vibrational mode leading the tetragonal compression 

pathway of the Eu2+ doped cuboids in CBLA2. b) The structures of the model CBLA2 along 

the tetragonal compresion pathway at the equilibrium (Q=0) and at selected point (Q=12). c) 

The normalized ESD/TDDFT/PBE0 computed emission spectra of the model CBLA2:Eu2+ 

along the tetragonal distortion pathway. 
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Figure A. 11. Illustration of the  𝑡&s vibrational mode leading the tetragonal compression 

pathway of the Eu2+ doped cuboids in CBLA. b) The structures of the model CBLA along the 

tetragonal compresion pathway at the equilibrium (Q=0) and at selected point (Q=12). c) The 

normalized ESD/TDDFT/PBE0 computed emission spectra of the model CBLA:Eu2+ along the 

tetragonal distortion pathway. 
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A.3. In-silico synthesis of CBLA Phosphor 

The crystal structure of the hypothetical CBLA phosphor host was constructed based on the 

CBLA2 host's structure. This involved transforming the CBLA2 unit cell into a tetragonal 

(𝐼4/𝑚)	 space group, using VESTA software.[568] Then, the unit cell was primarily relaxed 

using CRYSTAL17 software,[569] with geometry optimization performed through the 

DFT/PBE0 functional employing a triple-zeta basis set for all elements. The BFSG scheme, 

with default thresholds for gradients and displacements, was adopted.[569] 

The relaxed unit cell served as the basis for constructing the supercell structure, which was 

then used to prepare Eu2+-doped trimer clusters at three potential doping sites (Ca(1)2+, Ca(2)2+, 

Ba2+) in the CBLA host. The preparation of Eu2+-doped trimer clusters followed the embedded 

cluster approach outlined in Section 7.3. Subsequently, using the ORCA 5.0 suite of programs, 

[354, 355, 411, 412] another geometry optimization, employing DFT/PBE0, [227, 234, 235] 

was conducted exclusively for the QC and HF regions of these clusters. The ECP and PC 

regions were held fixed during this process. Then it is followed by Hessian calculation.  

Continuing with a consistent approach, all subsequent computations for doping energies and 

optical spectra were conducted using the same setup employed for the previously discussed 

phosphors, as detailed in Sections 10.4 and 11.5. 
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Figure A. 12. Space group, structural properties, and probable sites for Eu2+ doping for 

RNLSO2, RNLSO, CBLA2, and hypothetical CBLA Hosts. 
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Figure A. 13. a) The crystalline structure optimized structure of CBLA and possible doping 

sites host (Ca(1)2+, Ba2+ and Ca(2)2+) and b) calculated TDDFT/PBE0 absorption (blue; solid 

and dashed lines plotted with gaussian broadening 1500, 3000 cm-1, respectively) spectra and 

ESD/TDDFT/PBE0 calculated (red) emission spectra.  Filled colored bands indicate individual 

contributions of the different Eu2+-doped centers. c) The 1st transition responsible for emission 

upon relaxation for all the candidate Eu2+-doped centers. 
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Table A. 8. Experimental versus predicted maximum emission energy positions and bandwidths according to the descriptors relations (1) and (2) 

for a given computed maximum absorption band maximum and the respective covalency factor (5d α2) and calculated Stokes Shift ΔS for 

previously studied (BMS, SMS, CLA, SALON, SLBO):Eu2+ and (RNLSO, RNLSO2, CBLA2, CBLA):Eu2+-doped phosphors at emitting centers. 

Phosphor 
Doping 

site 

 
Experimental 

Emission Band 
 

Calculated First 
Absorption band 

 
Predicted 

Emission Band 

 
Energy 

(cm-1) 

Width 

(cm-1) 

ΔS 

(cm-1) 
 

Energy 

(cm-1) 

Eu&r	5d	 

α&	 
 

Energy 

(cm-1) 

Width 

(cm-1) 

ΔS 

(cm-1) 

Ba[Mg3SiN4]:Eu2+ 

BMS 
Ba2+  14920 2015 3500  16000 0.64  14925 1950 2810 

Sr[Mg3SiN4]:Eu2+ 

SMS 
Sr2+  16250 1150 750  18200 0.97  16260 1150 950 

Ca[LiAl3N4]:Eu2+ 

CLA 
Ca2+  14980 1340 1000  16150 0.84  14970 1350 847 

Sr[LiAl3N4]:Eu2+ 

SLA 
Sr2+  15380 1140 800  17200 0.96  15384 1160 840 

Sr[Al2Li2O2N2]:Eu2+ 

SALON 
Sr2+  16300 1220 1100  18100 0.90  16286 1220 1150 

Continued in the next page 
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Phosphor 
Doping 

site 

 
Experimental 

Emission Band 
 

Calculated First 

Absorption band 
 

Predicted 

Emission Band 

 
Energy 
(cm-1) 

Width 
(cm-1) 

ΔS 
(cm-1) 

 
Energy 
(cm-1) 

Eu&r	5d	 

α&	 
 

Energy 
(cm-1) 

Width 
(cm-1) 

ΔS 
(cm-1) 

SrLi2[Be4O6]:Eu2+ 

SLBO 
Sr2+  22000 1220 980  23800 0.95  21929 1170 750 

RbNa3[Li3SiO4]4:Eu2+ 

RNLSO Na(1)+  21231 1015 --  23087 0.95  21968 1234 1120 

RbNa[Li3SiO4]2:Eu2+ 

RNLSO2 Na+  19121 1465 --  20030 0.92  19367 1496 670 

CaBa[LiAl3N4]2:Eu2+ 
CBLA2 

Ba2+  15674 1191 --  17100 0.94  15484 1259 1570 

Ca2+  12658 1450 --  14400 0.87  12970 1436 1310 

Ca3Ba[LiAl3N4]4:Eu2+ 

CBLA Ca(1)2+  -- -- --  15642 0.91  14600 1220 1460 

MAE(%)          0.01 0.04 0.16 
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Figure A. 14. Using the previously defined descriptors to predict the luminescence band energy and bandwidth of the emitting centers of the 

studied (RNLSO:Eu2+ doped at Na(1)+ in blue,  RNLSO2:Eu2+ doped at Na+  in orange, and CBLA2:Eu2+ doped at Ba2+ in red and Ca2+ in  green 

) and hypotetical CBLA:Eu2+ doped at  Ca(1)2+ in black. 
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Figure A. 15. Energies (in cm-1) of the 4f5d active orbitals after SA( 36	« , 35	� )-CASSCF(7,19) 

CI optimization, across the studied phosphors.  

 

  

20000

30000

40000

50000

75% dz2

64% dx2y2

31% dxz

62% dyz

38% dxz

35% dz2

39% dz2

39% dxy

72% dyz

42% dxz

74% dz2

52% dxy

61% dxz

51% dx2y2

62% dyz

32% dxy

59% dz2

58% dyz

44% dx2y2

55% dxz

75% dz2

46% dx2y2

38% dxz

52% dyz

31% dxy

77% dz2

47% dxy

49% dyz

51% dx2y2

49% dxz

45% dx2y2

87% dz2

50% dxz

50% dyz

45% dxy

S1LA S2LA CBaLA CaBLA SMS SALON SBLO

0

2000

4000

6000

8000

40% f°3

57% f+1

72% f0

52% f+3

42% f°3

90% f+2

89% f°2

55% f+2

44% f°3

52% f+3

66% f0

50% f+1

55% f°1

85% f°2

73% f+1

53% f°2

51% f°3

54% f0

46% f°1

43% f+3

47% f+2

61% f°1

62% f0

32% f°1

84% f+1

37% f0

62% f°3

60% f+2

43% f+2

46% f°3

49% f+3

46% f0

32% f0

60% f°1

51% f°2

87% f0

88% f°1

61% f+3

56% f°2

71% f°3

47% f+1

56% f+2

88% f+3

88% f°3

66% f°2

99% f0

72% f°1

72% f+1

66% f+2

O
rb

it
al

E
ne

rg
y

(c
m

°
1 )

CBLA CBLA SMS SALON SLBOS2LAS1LA

4f
 o

rb
ita

ls
5d

 o
rb

ita
ls



A. Additional Information to PART II 

 327 

Table A. 9. Orbital configurations and population of the CAS at the doping sites of studied phosphors after SA( 36	« , 35	� )-CASSCF(7,19) 

optimization. Atomic 5d orbitals contributing with  < 5% and ligand (	L− 2𝑝) orbitals, in the active orbitals are omitted. 

Phosphor Doping site SA-CASSCF CAS Compositions 

SLA 

Sr12+ 
4𝑓I.KL	(75%	5𝑑M!)K.NO.65%	5𝑑P!-Q!/9%	5𝑑PQ2

K.RN	.32%	5𝑑PM/32%	5𝑑PQ/13%	5𝑑QM2
K.OI 

	.62%	5𝑑QM/11%	5𝑑PM2
K.OL	.38%	5𝑑PM/34%	5𝑑PQ/6%	5𝑑P!-Q!2

K.OO	5𝑓K.KO 

Sr22+ 
4𝑓I.KL	.35%	5𝑑M!/35%	5𝑑P!-Q!2

K.RS.40%	5𝑑M!/30%	5𝑑P!-Q!2
K.RI	.40%	5𝑑PQ/35%	5𝑑PM/5%	5𝑑P!-Q!2

K.OI 
	.72%	5𝑑QM2

K.OL	.42%	5𝑑PM/32%	5𝑑PQ2
K.OO	5𝑓K.KO 

CBLA2 

Ba2+ 
4𝑓I.KL	(75%	5𝑑M!)K.RS	.52%	𝟓𝒅𝒙𝒚/26%	5𝑑P!-Q!2

K.RK	.62%	5𝑑PM/22%	5𝑑QM2
K.OV	 

.51%	5𝑑P!-Q!/20%	5𝑑PQ2
K.OS	.62%	5𝑑QM/21%	5𝑑PM2

K.OO	5𝑓K.KO 

Ca2+ 
4𝑓I.KK	.32%	𝟓𝒅𝒙𝒚/	26%	5𝑑P!-Q!/	9%	5𝑑M!2

K.LO.60%	5𝑑M! 	/	10%	5𝑑PQ2
K.RI.58%	5𝑑QM/	12%	5𝑑PM2

K.OO 

.44%	5𝑑P!-Q!/	25%	5𝑑PQ2
K.OO	.55%	5𝑑PM/15%	5𝑑QM2

K.OK	5𝑓K.KO 

SMS Sr2+ 
4𝑓I.KL	(75%	5𝑑M!)K.RI	.47%	5𝑑P!-Q!/28%	5𝑑PQ2

K.RI	.39%	5𝑑PM/17%	5𝑑PQ/9%	5𝑑P!-Q!/8%	5𝑑QM2
K.OV	 

.52%	5𝑑QM/22%	5𝑑PM2
K.OR	.32%	5𝑑PQ/20%	5𝑑QM/18%	5𝑑P!-Q!/9%	5𝑑PM2

K.OO	5𝑓K.KO 

SALON Sr2+ 
4𝑓I.RO	(77%	5𝑑M!)K.RN	.47%	5𝑑PQ/32%	5𝑑P!-Q!2

K.RK	.49%	5𝑑QM/35%	5𝑑PM2
K.OR	 

.51%	5𝑑P!-Q!/32%	5𝑑PQ2
K.OO	.49%	5𝑑PM/33%	5𝑑QM2

K.OO	5𝑓K.KR 

SLBO Sr2+ 
4𝑓I.RO	.45%	5𝑑P!-Q!/41%	5𝑑PQ2

K.RK	(87%	5𝑑M!)K.OV	.51%	5𝑑PM/34%	5𝑑QM2
K.ON	.51%	5𝑑QM/34%	5𝑑PM2

K.ON	 
.45%	5𝑑PQ/42%	5𝑑P!-Q!2

K.OO	5𝑓K.KR 
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Figure A. 16. The effect of the number non-relativistic states considered in 

CASSC/NEVPT2/SOC calculation, on the lowest 4 KDs in terms of energy variation and 

splitting, across the studied phosphors. To facilitate comparison, all energies are normalized to 

the lowest KDs calculated with only one non-relativistic state for each corresponding case, 

across the studied phosphors. The energy splitting between the lowest two KDs and the total 

splitting in the four KDs (from the lowest to the highest KDs) after inclusion of 35 octet states 

are provided in parentheses for each case. Observations can be summarized as follows: 

1) The predominant effect arises from, inclusion of 1st extra states (2 4f → 5d transitions), 

resulting in a substantial and perfectly equidistant separation. This is attributed to the fact 

that the lowest two transitions correspond to (2 4f±`K → 	5d transitions). 

2) Convergence of the energy levels is achieved at considering 7 states (lowest 7 4f±P% →

	5d transitions, 𝑚N = 0,±1,±2,±3), with slight change afterwards. 
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Figure A. 17. SLA:Eu2+ experimental (black) and calculated (Frank-Condon + Herzberg-

Teller) luminescence spectra using gaussian broadening (𝜁) with 10 (red) and 250 (blue) cm-1 

linewidth at a) 300K and b) 6K for SLA:Eu2+ doped at Sr1 site while c) 300K and d) 6K for 

SLA:Eu2+ doped at Sr2 site. Also, the total contribution of FC and HT are given in red and blue 

fill using 𝜁 = 10 cm-1, respectively.  

  

b)a)

d)c)
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Figure A. 18. CBLA2:Eu2+ experimental (black) and calculated (Frank-Condon + Herzberg-

Teller) luminescence spectra using gaussian broadening with 10 (red) and 250 (blue) cm-1 

linewidth at a) 300K and b) 6K for CBLA2:Eu2+ doped at Ba site while c) 300K and d) 6K for 

CBLA2:Eu2+ doped at Ca site. Also, the total contribution of FC and HT are given in red and 

blue fill using 𝜁 = 10 cm-1, respectively. 

 

 

  

b)a)

d)c)
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Table B. 1. Calculated relevant structural parameters [bond distances in (Å) and angles in (o)], 

for PBE0 optimized structures for all the studied complexes (1 and 2), with available 

experimental data.[508]. The structure optimizations were conducted for the ground (S0) state, 

first singlet (S1), and first triplet (T1) excited states. For each enantiomeric pair, the optimized 

structural parameters are identical. The halogen X is either Cl, or I, as depicted in the complex. 

Complex State  
Re-
X 

(Å) 

Re-
Ccarbene 

(Å) 

Re-
N 

(Å) 

Re-
Cax-

CO 
(Å) 

Re-Ceq-

CO 
(Å) 

X-Re-
Cax-CO 

(o) 

N-
Ccarbene-

N 
(o) 

Helical 
angle 

(o) 

1 C-Cl 
1 A-Cl 

exp.  2.51 2.12 2.20 1.91 1.95/1.92 176.65 106.72 -- 
S0  2.51 2.13 2.20 1.90 1.96/1.91 177.23 106.15 -- 
T1  2.45 2.11 2.09 1.95 1.98/1.98 173.00 106.87 -- 
S1  2.41 2.11 2.14 1.95 2.00/1.95 170.50 106.95 -- 

           

1 C-I 
1 A-I 

exp.  2.83 2.13 2.17 1.94 1.95/1.95 179.08 106.60 -- 
S0  2.85 2.13 2.20 1.90 1.96/1.92 178.67 106.20 -- 
T1  2.86 2.11 2.10 1.93 1.98/1.97 170.72 106.81 -- 
S1  2.77 2.11 2.15 1.94 2.00/1.94 164.20 106.95 -- 

           

2 M,A-
Cl 

2 P,C-Cl 

exp.  Not Available 
S0  2.51 2.12 2.20 1.90 1.96/1.91 177.31 106.32 44.26 
T1  2.51 2.11 2.20 1.90 1.96/1.91 177.67 106.49 44.25 
S1  2.51 2.12 2.20 1.90 1.96/1.91 177.31 106.32 45.24 

           

2 M,C-
Cl 

2 P,A-Cl 

exp.  2.51 2.08 2.20 1.91 1.98/1.96 176.62 107.21 47.47 
S0  2.51 2.12 2.20 1.91 1.96/1.91 177.39 106.43 44.09 
T1  2.51 2.12 2.02 1.90 1.96/1.91 177.39 106.43 44.09 
S1  2.51 2.13 2.21 1.90 1.96/1.91 176.94 106.25 45.42 

           

2 M,A-I 
2 P,C-I 

exp.  Not Available 
S0  2.85 2.12 2.20 1.90 1.96/1.92 178.57 106.25 43.90 
T1  2.85 2.11 2.20 1.90 1.96/1.92 178.84 106.46 44.88 
S1  2.78 2.11 2.15 1.94 2.00/1.94 173.54 106.56 44.76 

           

2 M,C-I 
2 P,A–I 

exp.  2.80 2.12 2.21 1.96 1.97/1.92 176.80 105.77 50.60 
S0  2.81 2.12 2.20 1.90 1.96/1.92 178.36 106.21 45.69 
T1  2.85 2.11 2.20 1.90 1.97/1.92 178.65 106.44 45.69 
S1  2.85 2.12 2.20 1.90 1.96/1.92 178.36 106.21 44.55 
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Figure B. 1. Experimental (black) vs. calculated non-relativistic STEOM-DLPNO-CCSD 

(red), non-relativistic TD-DFT/BP86 (olive), PBE (purple), BHLYP (pale red), PBE0 (blue), 

B3LYP (orange), M06 (pink), CAMB3LYP (brown), wB97 (gray),  B2PLYP(cyan) ABS (left 

side) and ECD (right side) spectra of complex 1 A-Cl. Solid lines indicate constant Gaussian 

broadening of 1500 cm-1 while dotted lines indicate constant Gaussian broadening of 3000 cm-

1. Given in parenthesis are the %MAE errors with respect to experiment, for (ABS, ECD and 

their average).  
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Table B. 2. Calculated MAEs, from the experimental spectra, of all calculated spectra at 

different level of theory (STEOM-DLPNO-CCSD/SOC only for 1 A-Cl, as well as TD-

DFT(PBE0 and B3LYP)/SOC for all studied complexes). 

Complex 
MAE = 	

|Area´°à. − Area³¨Ô­.|
Area´°à.	

 

STEOM-DLPNO-CCSD/SOC PBE0/SOC B3LYP/SOC 

 Absorption ECD Absorption ECD Absorption ECD 

1 A-Cl 0.04 0.02 0.14 0.22 0.35 0.44 

1 C-Cl   0.14 0.24 0.36 0.43 

       

1 A-I   0.28 0.35 0.32 0.40 

1 C-I   0.24 0.36 0.31 0.41 

       

2 M,A-Cl   0.08 0.15 0.12 0.34 

2 P,C-Cl   0.08 0.15 0.12 0.33 

2 M,C-Cl   0.07 0.12 0.11 0.23 

2 P,A–Cl   0.07 0.09 0.11 0.24 

       

2 M,A-I   0.06 0.11 0.16 0.30 

2 P,C-I   0.07 0.12 0.15 0.32 

2 M,C-I   0.11 0.23 0.18 0.35 

2 P,A–I   0.11 0.17 0.18 0.35 

       

Average MAE 0.04 0.02 0.12 0.19 0.21 0.34 
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Figure B. 2. Experimental (black) versus calculated relativistically corrected Absorption and 

ECD spectra PBE0/TD-DFT (blue) and B3LYP/TD-DFT (orange)  for non-helicene Complex 

1 a) A-Cl b) C-Cl c) A-I and d) C-I. %MAE errors in comparison to experiment are provided 

in parenthesis. Solid lines indicate constant Gaussian broadening of 1500 cm-1 while dotted 

lines indicate constant Gaussian broadening of 3000 cm-1. 
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Figure B. 3. Experimental (black) versus calculated relativistically corrected Absorption and 

ECD spectra PBE0/TD-DFT (blue) and B3LYP/TD-DFT (orange) for helicene Complex 2 a) 

M,A-Cl b) P,C-Cl c) M,C-Cl d) P,A-Cl. %MAE errors in comparison to experiment are 

provided in parenthesis. Solid lines indicate constant Gaussian broadening of 1500 cm-1 while 

dotted lines indicate constant Gaussian broadening of 3000 cm-1. 
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Figure B. 4. Experimental (black) versus calculated relativistically corrected Absorption and 

ECD spectra PBE0/TD-DFT (blue) and B3LYP/TD-DFT (orange) for helicene Complex 2 a) 

M,A-I b) P,C-I c) M,C-I d) P,A-I. %MAE errors in comparison to experiment are provided in 

parenthesis. Solid lines indicate constant Gaussian broadening of 1500 cm-1 while dotted lines 

indicate constant Gaussian broadening of 3000 cm-1. 
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Figure B. 5. Experimental (black) PBE0/TD-DFT (blue) of Absorption and ECD spectra of 

non-helicene enantiomer a) 1 C-Cl and b) 1 C-I. Solid and dotted lines indicate constant 

Gaussian broadening of 1500 and 3000 cm-1, respectively. 

 

 

Figure B. 6. Experimental (black) PBE0/TD-DFT (blue) of Absorption and ECD spectra of 

helicene enantiomer a) 2  P,C-Cl and b) 2  M,C-Cl. Solid and dotted lines indicate constant 

Gaussian broadening of 1500 and 3000 cm-1, respectively. 
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Figure B. 7. Experimental (black) PBE0/TD-DFT (blue) of Absorption and ECD spectra of 

non-helicene enantiomer a) a) 2 P,C-I and b) 2 M,C-I. Solid and dotted lines indicate constant 

Gaussian broadening of 1500 and 3000 cm-1, respectively. 

 

  
Figure B. 8. Experimental and Calculated relativistic absorption and CD spectra [PBE0/TD-

DFT/SOC in blue] with singlet and triplet contributions in blue and red fill, respectively of 

non-helicene complex 1 as a) C-Cl  b) A-Cl c) C-I  d) A-I. 
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Figure B. 9. Experimental and Calculated relativistic absorption and CD spectra [PBE0/TD-

DFT/SOC in blue] with singlet and triplet contributions in blue and red fill, respectively of Cl-

substituted helicene complex 2 as a) M,A-Cl b) P,C-Cl c) M,C-I  d) P,A-Cl. 

 

  

Figure B. 10. Experimental and Calculated relativistic absorption and CD spectra [PBE0/TD-

DFT/SOC in blue] with singlet and triplet contributions in blue and red fill, respectively of Cl-

substituted helicene complex 2 as a) M,A-Cl b) P,C-Cl c) M,C-I  d) P,A-Cl. 
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Figure B. 11. Experimental (left) versus calculated PBE0/TD-DFT/SOC gabs of a) non-helicene 

diastereomeric structures 1 and b) Helicene diastereomeric structures 2. 

 

25000 30000 35000 40000

Energy (cm°1)

°0.004

°0.002

0.000

0.002

0.004

0.006

0.008

0.010

0.012
g a

bs
1 § ° Cl

1 ¢ ° Cl

1 § ° I

1 ¢ ° I

25000 30000 35000 40000

Energy (cm°1)

a) 1M,A-Cl
1 P,C-Cl
1M,C-Cl
1 P,A-Cl

Experiment

25000 30000 35000 40000

Energy (cm°1)

°0.004

°0.002

0.000

0.002

0.004

0.006

0.008

0.010

0.012
g a

bs
2 M, § ° Cl

2 P, ¢ ° Cl

2 M, ¢ ° Cl

2 P, § ° Cl

2 M, § ° I

2 P, ¢ ° I

2 M, ¢ ° I

2 P, § ° I

25000 30000 35000 40000

Energy (cm°1)

1A-I
1 C-I
1A-Cl
1 C-Cl

TD-DFT/PBE0/SOC

25000 30000 35000 40000

Energy (cm°1)

°0.004

°0.002

0.000

0.002

0.004

0.006

0.008

0.010

0.012

g a
bs

2 M, § ° Cl

2 P, ¢ ° Cl

2 M, ¢ ° Cl

2 P, § ° Cl

2 M, § ° I

2 P, ¢ ° I

2 M, ¢ ° I

2 P, § ° I

25000 30000 35000 40000

Energy (cm°1)

Experiment

25000 30000 35000 40000

Energy (cm°1)

°0.004

°0.002

0.000

0.002

0.004

0.006

0.008

0.010

0.012

g a
bs

2 M, § ° Cl

2 P, ¢ ° Cl

2 M, ¢ ° Cl

2 P, § ° Cl

2 M, § ° I

2 P, ¢ ° I

2 M, ¢ ° I

2 P, § ° I

25000 30000 35000 40000

Energy (cm°1)

2M,A-Cl
2 P,C-Cl
2M,C-Cl
2 P,A-Cl
2M,A-I
2 P,C-I
2M,C-I
2 P,A-I

TD-DFT/PBE0/SOC

b)



B. Additional Information to PART III 

341 
 

Table B. 3. Lowest 5 Singlet and Triplet SO-free states with corresponding transition energies 

(E in eV), oscillator strength (f), rotatory strength (R in 1040cgs) and type of CT as extracted 

from NTO and TheoDORE analyses, calculated with TDDFT-PBE0 for complex 1 A-Cl. 

States  E (eV) f(x10-3) R NTO Character TheoDORE Character 

S1  3.255 16.40 8.44 MLCT/XLCT MLCTpyr/MLCTNHC/XLCT/LLCT 

S2  3.479 111.50 0.49 MLCT/XLCT MLCTpyr/MLCTNHC/XLCT/LLCT 

S3  3.707 2.20 -0.01 MLCT MLCTpyr/MLCTNHC/ LLCT 

S4  3.969 75.70 35.3 LLCT MLCTpyr/ XLCT/LLCT 

S5  4.102 13.30 -4.25 LLCT MLCTpyr/ XLCT/LLCT 

       

T1  3.028 --- ---  MLCTpyr/MLCTNHC/MLCTCO/XLCT/LLCTpyr 

T2  3.149 --- ---  MLCTpyr/MLCTNHC/MLCTCO/XLCT/LLCTpyr 

T3  3.545 --- ---  MLCTpyr/MLCTNHC/MLCTCO/LLCTpyr 

T4  3.593 --- ---  LCpyr/LLCTpyr/LCNHC 

T5  3.596 --- ---  MLCTpyr/LCNHC/LLCTpyr 

 

Table B. 4. Lowest 5 Singlet and Triplet SO-free States with corresponding transition energies 

(E in eV), oscillator strength (f), rotatory strength (R in 1040cgs) and type of CT as extracted 

from NTO and TheoDORE analyses, calculated with TDDFT-PBE0 for complex 1 A-I. 

States  E (eV) f(x10-3) R NTO Character TheoDORE Character 

S1  3.211 6.70 -4.05 MLCT/XLCT XMLCTpyr/MLCTpyr 

S2  3.344 55.90 7.37 MLCT/XLCT XMLCTpyr/MLCTpyr 

S3  3.709 1.90 -0.02 MLCT MLCTpyr/MLCTNHC/MLCTCO 

S4  3.923 16.70 21.47 LLCT/XLCT XLCTpyr/MLCTpyr/LLCTpyr 

S5  4.005 21.20 4.19 LLCT/XLCT XLCTpyr/LLCTpyr 

       

T1  3.022 --- ---  XLCTpyr/MLCTpyr/MLCTNHC 

T2  3.092 --- ---  XLCTpyr/MLCTpyr/MLCTNHC 

T3  3.481 --- ---  LCNHC/MLCTpyr/LLCTpyr/XLCTpyr 

T4  3.547 --- ---  LCNHC/MLCTpyr/XLCTpyr/LLCTpyr 

T5  3.595 --- ---  XLCTpyr/LCNHC/LCpyr 

 



B. Additional Information to PART III 

342 
 

Table B. 5. Lowest 5 Singlet and Triplet SO-free States with corresponding transition energies 

(E in eV), oscillator strength (f), rotatory strength (R in 1040cgs) and type of CT  as extracted 

from NTO and TheoDORE analyses, calculated with TDDFT-PBE0 for complex 2 M,C-Cl. 

States  
E 

(eV) 

f(x10-

3) 
R NTO Character TheoDORE Character 

S1  3.142 44.70 16.69 
MLCT/XLCT/ 

ILCTHelicene 
MLCTpyr,NHC,CO/LCNHC/LLCTpyr 

S2  3.346 114.80 -80.0 
MLCT/XLCT/ 

ILCTHelicene 
MLCTpyr,NHC,CO/LCNHC/LLCTpyr/XLCTpyr 

S3  3.513 18.20 13.6 ILCTHelicene LCNHC 

S4  3.568 16.60 15.94 ILCTHelicene LCNHC/LLCTpyr/MLCTpyr,NHC 

S5  3.618 2.90 
-

14.01 
ILCTHelicene MLCTpyr,NHC,CO/LCNHC 

       

T1  2.333 --- ---  LCNHC 

T2  2.878 --- ---  LCNHC/MLCTpyr,NHC,CO/LLCTpyr 

T3  3.034 --- ---  MLCTNHC,pyr,CO/LLCTpyr/XLCTpyr 

T4  3.073 --- ---  LCNHC 

T5  3.209 --- ---  LCNHC 

 

Table B. 6. Lowest 5 Singlet and Triplet SO-free States with corresponding transition energies 

(E in eV), oscillator strength (f), rotatory strength (R in 1040cgs) and type of CT  as extracted 

from NTO and TheoDORE analyses, calculated with TDDFT-PBE0 for complex 2 M,C-I. 

States  E (eV) f(x10-3) R NTO Character TheoDORE Character 

S1  3.126 29.60 8.65 MLCT/XLCT/ ILCTHelicene XLCTpyr/MLCTpyr,NHC/LCNHC 

S2  3.267 66.10 -51.37 MLCT/XLCT/ ILCTHelicene XLCTpyr/MLCTpyr,NHC 

S3  3.477 62.30 9.25 ILCTHelicene LCNHC/XLCTpyr/LLCTpyr 

S4  3.552 9.50 4.94 ILCTHelicene LCNHC/LLCTpyr 

S5  3.618 8.80 -23.51 ILCTHelicene LCNHC/LLCTpyr/MLCTNHC,pyr 

       

T1  2.331 --- ---  LCNHC 

T2  2.892 --- ---  LCNHC/XLCTpyr 

T3  3.02 --- ---  XLCTpyr/MLCTNHC,pyr,CO 

T4  3.06 --- ---  LCNHC 

T5  3.174 --- ---  LCNHC 
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Table B. 7. Lowest SOC corrected States (all states with energy £ 25000 cm-1) with 

corresponding energies (E in cm-1), oscillator strength (f), rotatory strength (R in 1040cgs) and 

composition with respect to Ms characters, calculated with TDDFT/PBE0 for complex 1 C-Cl. 

SOC States E (eV) f(x10-3) R Composition 
0 0.000   99% S0(0) 

1 2.991 0.01 -0.00567 37% T1(-1) + 10% T2(-1) + 37% T1(1) + 10% 
T2(1) 

2 2.993 0.05 -0.07019 37% T1(-1) + 10% T2(-1) + 37% T1(1) + 10% 
T2(1) 

3 3.016 4.21 -0.30655 87% T1(0) 
4 3.098 5.33 2.98785 27% S1(0) + 64% T2(0) 

5 3.204 0.01 -0.01922 
10% T1(-1) + 37% T2(-1) + 10% T1(1) + 37% 

T2(1) 

6 3.207 0.30 0.09311 10% T1(-1) + 38% T2(-1) + 10% T1(1) + 38% 
T2(1) 

7 3.312 10.73 5.4157 65% S1(0) + 30% T2(0) 

8 3.483 82.38 1.83379 
71% S2(0) + 6% T1(0) + 5% T3(0) + 6% T4(-1) + 

6% T4(1) 
9 3.564 0.00 0.00078 7% T3(0) + 6% T4(0) + 40% T3(-1) + 40% T3(1) 
10 3.568 0.06 -0.05746 7% T3(0) + 44% T3(-1) + 44% T3(1) 
11 3.573 7.16 -0.47547 7% S2(0) + 76% T3(0) + 7% T3(-1) + 7% T3(1) 
12 3.605 0.08 0.04653 19% T4(0) + 5% T5(0) + 29% T5(-1) + 29% T5(1) 
13 3.608 2.67 0.79317 65% T5(0) + 7% T4(-1) + 7% T4(1) 
14 3.614 0.28 0.07554 42% T5(-1) + 42% T5(1) 

15 3.648 1.34 0.22303 
43% T4(0) + 14% T4(-1) + 9% T5(-1) + 14% 

T4(1) + 9% T5(1) 

16 3.653 1.10 -0.22302 21% T4(0) + 9% T5(0) + 25% T4(-1) + 7% T5(-1) 
+ 25% T4(1) + 7% T5(1) 

17 3.658 8.69 -0.48791 10% S2(0) + 10% T5(0) + 35% T4(-1) + 35% 
T4(1) 

18 3.743 0.85 -0.24827 55% S3(0) + 12% T6(-1) + 7% T7(-1) + 12% 
T6(1) + 7% T7(1) 

19 3.751 0.75 -0.00221 
10% T6(0) + 26% T6(-1) + 13% T7(-1) + 26% 

T6(1) + 13% T7(1) 

20 3.760 0.81 0.37078 
35% S3(0) + 21% T6(-1) + 7% T7(-1) + 21% 

T6(1) + 7% T7(1) 
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Table B. 8. Lowest SOC corrected States (all states with energy £ 25000 cm-1) with 

corresponding energies (E in cm-1), oscillator strength (f), rotatory strength (R in 1040cgs) and 

composition with respect to Ms characters, calculated with TDDFT/PBE0 for complex 1 C-I. 

SOC 

States 
E (eV) f(x10-3) R Composition 

0 0.000   99% S0(0) 

1 2.893 0.06 0.07239 30% T1(-1) + 18% T2(-1) + 30% T1(1) + 18% T2(1) 

2 2.894 0.13 -0.04936 29% T1(-1) + 19% T2(-1) + 29% T1(1) + 19% T2(1) 

3 2.937 4.20 1.22106 16% S2(0) + 78% T1(0) 

4 2.962 2.17 0.0346 34% S1(0) + 60% T2(0) 

5 3.178 0.00 0.00794 18% T1(-1) + 29% T2(-1) + 18% T1(1) + 29% T2(1) 

6 3.192 3.95 2.31008 18% T1(-1) + 29% T2(-1) + 18% T1(1) + 29% T2(1) 

7 3.276 4.46 -1.52173 54% S1(0) + 33% T2(0) 

8 3.344 24.90 4.72195 65% S2(0) + 13% T1(0) + 8% T3(0) 

9 3.479 0.16 -0.02527 7% T4(0) + 38% T3(-1) + 38% T3(1) 

10 3.480 0.43 -0.07257 
27% T3(0) + 24% T3(-1) + 9% T4(-1) + 24% T3(1) + 

9% T4(1) 

11 3.509 5.32 -0.07696 6% S2(0) + 52% T3(0) + 17% T3(-1) + 17% T3(1) 

12 3.554 0.66 1.63165 45% T4(0) + 17% T4(-1) + 17% T4(1) 

13 3.566 0.06 -0.17033 
20% T4(0) + 6% T5(0) + 7% T3(-1) + 22% T4(-1) + 

7% T3(1) + 22% T4(1) 

14 3.577 2.62 -0.79556 
7% T4(0) + 7% T3(-1) + 30% T4(-1) + 7% T3(1) + 

30% T4(1) 

15 3.619 2.86 0.43404 41% T5(-1) + 41% T5(1) 

16 3.621 0.94 -0.28811 49% T5(0) + 15% T5(-1) + 15% T5(1) 

17 3.626 0.11 0.4212 7% T4(0) + 22% T5(0) + 23% T5(-1) + 23% T5(1) 

18 3.679 0.14 -0.2972 16% T6(-1) + 18% T7(-1) + 16% T6(1) + 18% T7(1) 

19 3.684 0.65 0.22927 
11% T6(-1) + 22% T7(-1) + 5% T8(-1) + 11% T6(1) 

+ 22% T7(1) + 5% T8(1) 

20 3.704 3.19 1.86317 
6% S3(0) + 8% S5(0) + 27% T6(0) + 22% T7(0) + 6% 

T8(0) 
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Table B. 9. Lowest SOC corrected States (all states with energy £ 25000 cm-1) with 

corresponding energies (E in cm-1), oscillator strength (f), rotatory strength (R in 1040cgs) and 

composition with respect to Ms characters, calculated with TDDFT/PBE0 for complex 2 M,C-

Cl. 

SO-

States 
E (eV) f(x10-3) R Composition 

0 0.000   100% S0(0) 

1 2.343 0.001 0.00085 24% T1(0) + 38% T1(-1) + 38% T1(1) 

2 2.343 0.001 -0.00028 75% T1(0) + 12% T1(-1) + 12% T1(1) 

3 2.343 0.01 -0.00167 50% T1(-1) + 50% T1(1) 

4 2.858 0.01 -0.02337 42% T2(-1) + 42% T2(1) 

5 2.859 0.04 -0.14687 43% T2(-1) + 43% T2(1) 

6 2.869 1.35 -0.72987 92% T2(0) 

7 2.988 9.95 4.01739 23% S1(0) + 59% T3(0) + 9% T4(0) 

8 3.022 0.12 0.05051 33% T3(-1) + 9% T4(-1) + 33% T3(1) + 9% T4(1) 

9 3.023 0.07 -0.13635 34% T3(-1) + 8% T4(-1) + 34% T3(1) + 8% T4(1) 

10 3.060 1.45 -0.24603 6% S1(0) + 23% T3(0) + 63% T4(0) 

11 3.096 0.00 -0.00801 8% T3(-1) + 39% T4(-1) + 8% T3(1) + 39% T4(1) 

12 3.098 0.26 0.02747 9% T3(-1) + 38% T4(-1) + 9% T3(1) + 38% T4(1) 

13 3.155 11.65 4.2646 39% S1(0) + 7% T3(0) + 22% T4(0) + 25% T5(0) 

14 3.223 10.26 1.36976 8% S1(0) + 39% T5(0) + 21% T5(-1) + 21% T5(1) 

15 3.226 0.25 -0.01313 46% T5(-1) + 46% T5(1) 

16 3.229 18.91 1.49625 19% S1(0) + 24% T5(0) + 24% T5(-1) + 24% T5(1) 

17 3.301 4.67 -1.93373 91% T6(0) 

18 3.302 0.01 -0.00067 47% T6(-1) + 47% T6(1) 

19 3.302 0.26 -0.0516 50% T6(-1) + 50% T6(1) 

20 3.351 78.41 -55.9888 71% S2(0) + 8% T5(0) 
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Table B. 10. Lowest SOC corrected States (all states with energy £ 25000 cm-1) with 

corresponding energies (E in cm-1), oscillator strength (f), rotatory strength (R in 1040cgs) and 

composition with respect to Ms characters, calculated with TDDFT/PBE0 for complex 2 M,C-

I. 

SOC 

States 
E (eV) f(x10-3) R Composition 

0 0.000   100% S0(0) 

1 2.347 0.001 0.00182 50% T1(-1) + 50% T1(1) 

2 2.347 0.03 0.00836 8% T1(0) + 46% T1(-1) + 46% T1(1) 

3 2.347 0.00 -0.00474 92% T1(0) 

4 2.818 0.08 -0.01383 30% T2(-1) + 12% T3(-1) + 30% T2(1) + 12% T3(1) 

5 2.818 0.06 -0.05205 30% T2(-1) + 13% T3(-1) + 30% T2(1) + 13% T3(1) 

6 2.845 2.04 0.10281 10% S2(0) + 79% T2(0) 

7 2.894 7.62 2.66297 34% S1(0) + 50% T3(0) + 9% T4(0) 

8 2.988 0.00 -0.00265 
17% T2(-1) + 19% T3(-1) + 9% T4(-1) + 17% T2(1) + 

19% T3(1) + 9% T4(1) 

9 2.990 0.77 0.00939 
17% T2(-1) + 18% T3(-1) + 11% T4(-1) + 17% T2(1) + 

18% T3(1) + 11% T4(1) 

10 3.020 1.12 -0.66316 
8% S2(0) + 13% T2(0) + 20% T3(0) + 43% T4(0) + 7% 

T5(0) 

11 3.100 0.01 -0.02936 9% T3(-1) + 32% T4(-1) + 9% T3(1) + 32% T4(1) 

12 3.105 0.92 0.1013 
9% T3(-1) + 33% T4(-1) + 6% T5(-1) + 9% T3(1) + 33% 

T4(1) + 6% T5(1) 

13 3.132 1.18 0.1671 10% S1(0) + 33% T4(0) + 37% T5(0) 

14 3.181 12.50 4.21576 
20% S1(0) + 6% S2(0) + 8% T3(0) + 15% T5(0) + 16% 

T5(-1) + 16% T5(1) 

15 3.196 0.11 -0.04924 
7% T5(0) + 7% T3(-1) + 35% T5(-1) + 7% T3(1) + 35% 

T5(1) 

16 3.222 17.25 -1.03966 
22% S1(0) + 5% S2(0) + 11% T3(0) + 21% T5(-1) + 21% 

T5(1) 

17 3.286 12.60 -11.82175 
36% S2(0) + 17% T5(0) + 15% T6(0) + 6% T6(-1) + 6% 

T6(1) 

18 3.305 0.00 -0.00045 38% T6(0) + 30% T6(-1) + 30% T6(1) 

19 3.305 0.62 -0.11969 49% T6(-1) + 49% T6(1) 

20 3.313 4.07 -4.48478 14% S2(0) + 45% T6(0) + 14% T6(-1) + 14% T6(1) 
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Figure B. 12. Experimental and calculated emission spectra (ESD/PBE0/TD-DFT/SOC) of 

non-helicene complex 1 a) C-Cl b) C-Cl.  

 

 

 

Figure B. 13. Experimental and calculated emission spectra (ESD/PBE0/TD-DFT/SOC) of 

helicene I-substituted complex 2 a) M,A-I b) P,A-I.  
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Figure B. 14. Experimental and calculated emission spectra (ESD/PBE0/TD-DFT/SOC) of 

helicene I-substituted complex 2 a) P,C-Cl b) M,C-Cl.  

 

 

 

Figure B. 15. Experimental and calculated emission spectra (ESD/PBE0/TD-DFT/SOC) of 

helicene I-substituted complex 2 a) P,C-I b) M,C-I.  
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Figure B. 16. PBE0/TD-DFT computed Huang-Rhys factor (Si) distribution over the entire set 

of the vibrational normal modes with energies (𝜐�( in wavenumbers, cm-1) for a selected set of 

diastereomers 1 and 2. The Huang-Rhys factor (S) of the phosphoresce relaxation transition 

(defined as 𝑆 = ∑ 𝑆(( ) is shown in top right of each case. Red arrows indicate the selected 

vibrations modes (1-6) for the SA-CASSCF, SA-CASSCF/NEVPT2 and SA-CASSCF/QD-

NEVPT2 PES scans. Modes 1-6 are visualized on the right. 
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Figure B. 17. PBE0/TD-DFT computed resonance Raman (rR) spectra for a selected set of 

diastereomers 1 and 2. The laser energy was set to the phosphoresce relaxation transition 

energies (2.30 eV and 2.65 eV) of diastereomers 1 and 2, respectively. Red arrows indicate the 

selected vibrations modes (1-6) for the SA-CASSCF, SA-CASSCF/NEVPT2 and SA-

CASSCF/QD-NEVPT2 PES scans. Modes 1-6 are visualized on the right. 
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Figure B. 18. Molecular orbital diagram of CASSCF(8,8) orbitals along the asymmetric CO 

stretching mode’s normal coordinate at Q=-1, 0, 1 (pointing to a step-before , at, and step-after 

the equilibrium geometry, respectively) for complex 1 A-Cl of the geometries. 
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Figure B. 19. Molecular orbital diagram of CASSCF(10,11) orbitals along the asymmetric 

C=C ring stretching mode’s normal coordinate at Q=-1, 0, 1 (pointing to a step-before , at, and 

step-after the equilibrium geometry, respectively) for complex 2 M,A-Cl of the geometries. 
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Figure B. 20. Computed non-relativistic PES complex 1 A-Cl along the asymmetric CO 

stretching mode’s normal coordinate (Q) at different level of theory a) CASSCF(8,8) b) 

CASSCF/NEVPT2 c) CASSCF/QD-NEVPT2. 

 

 

Figure B. 21. SA-CASSCF(10,11)/QD-NEVPT2 PES scan along a chosen modes representing 

antisymmetric stretching helicene vibrations for 2 M,A-I a) for the ‘actual’ Cs symmetry around 

Re(I) in the non-relativistic limit and b) for the ‘actual’ Cs symmetry around Re(I) including 

relativistic SOC corrections. 
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Figure B. 22. SA-CASSCF/QD-NEVPT2 computed Dzz magnetic vectors of excited state D 

tensors, based on the excited ZFS calculated employing the effective Hamiltonian of excited 

SOC |Ψ'+j⟩ states and its angle from the reference magnetic axis in the ground |Ψ*⟩ SOC state 

(aligned with z-axis) for a) complex 1 A-I, b) ‘parallel’ complex 2 MA-I and c) ‘anti-parallel’ 

complex 2 PA-I 

 

 

 

 

  

- = −21°

&
1

'!!

#

- = 21°

2 Parallel
&'!!

#

- = 53°

2 Anti-Parallel

&

'!!

#



B. Additional Information to PART III 

 355 

Table B. 11. Experimental and ESD/TD-DFT/PBE0+SOC calculated radiative and non-radiative relaxation rates and phosphorescence times (μs) 

at 295K. Relativistic ground and lowest excited SOC states with corresponding energies and composition with respect to MS characters. 

 Complex 
SOC 

State 
SOC State Composition 

Energy 

(cm-1) 

 kW kW t  kW kW kXW kXW Φ t 

 (s-1) (s-1) (µs)  (s-1) (s-1) (s-1) (s-1) (× 10R) (µs) 

 77K  295K 

2 M,A-I 

|ΨK⟩ 99% S0(0) 0            

|ΨO⟩ 98% T1(±1) 18880  202 

119 8395 

 277 

163 

34306 

20245 0.8 49 
|ΨR⟩ 

17% T1(0) + 82% 

T1(±1) 
18880  110  151 18681 

|ΨN⟩ 
82% T1(0) + 16% 

T1(±1) 
18880  46  62 7747 

2 P,A-I 

|ΨK⟩ 99% S0(0) 0            

|ΨO⟩ 98% T1(±1) 18924  110 

166 6010 

 117 

178 

14559 

22044 0.8 45 |ΨR⟩ 6% T1(0) + 92% T1(±1) 18924  372  397 49223 

|ΨN⟩ 92% T1(0) 18924  18  19 2352 

2 M,A-Cl 

|ΨK⟩ 99% S0(0) 0            

|ΨO⟩ 
73% T1(0) + 26% 

T1(±1) 
18853  108 

151 6626 

 102 

143 

915 

1284 10.0 701 |ΨR⟩ 6% T1(0) + 92% T1(±1) 18853  15  14 126 

|ΨN⟩ 
20% T1(0) + 78% 

T1(±1) 
18853  330  312 2811 

Continued in the next page 
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 Complex 
SOC 

State 
SOC State Composition 

Energy 

(cm-1) 

 kW kW t  kW kW kXW kXW Φ t 

 (s-1) (s-1) (µs)  (s-1) (s-1) (s-1) (s-1) (× 10R) (µs) 

 77K  295K 

2 P,A-Cl 

|ΨK⟩ 99% S0(0) 0            

|ΨO⟩ 
26% T1(0) + 72% 

T1(±1) 
18881  9 

184 5427 

 13 

139 

200 

2171 6.0 433 
|ΨR⟩ 

73% T1(0) + 26% 

T1(±1) 
18881  4  5 81 

|ΨN⟩ 98% T1(±1) 18881  541  398 6231 

1 A-I 

|ΨK⟩ 99% S0(0) 0            

|ΨO⟩ 
58% T1(±1)  + 34% 

T2(±1) 
23324  394898 

227276 4.4 

 3629 

7368 

2588374 

5.5× 10I 0.14 0.19 |ΨR⟩ 
58% T1(±1)  + 36% 

T2(±1) 
23336  6543  60 42885 

|ΨN⟩ 15% S2(0) + 77% T1(0) 23676  6532046  60025 42814694 

|ΨL⟩ 33% S1(0) + 59% T2(0) 23887    25643 18290541 

1 A-Cl 

|ΨK⟩ 99% S0(0) 0            

|ΨO⟩ 
72% T1(±1)  + 18% 

T2(±1) 
24123  88154 

312500 3.2 

 8314 

285714 

407385 

1.4× 10S 2.00 0.07 |ΨR⟩ 
74% T1(±1)  + 18% 

T2(±1) 
24143  80698  7611 372930 

|ΨN⟩ 10% S2(0) + 87% T1(0) 24326  17354432  1636738 80200153 

|ΨL⟩ 26% S1(0) + 63% T2(0) 24990    2185367 107083000 
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Table B. 12. Calculated versus available experimental normalized dissymmetry factors (𝑔NOP) of CPL for complexes 2 and 1. Electronic transition 

properties are   given, in terms of transition electric dipole (𝐷 = |𝜇|&), magnetic dipole (𝑀 = |𝑚|&) and rotatory (𝑅 = −|𝜇||𝑚|𝑐𝑜𝑠𝜃) strengths. 

𝜇,𝑚, 𝜃° are transition electric and magnetic dipole moments and angle between them, respectively.  

 

Complex 

𝐷 = |𝜇|&	

/10+�*	

𝑒𝑠𝑢&. 𝑐𝑚& 

𝑀 = |𝑚|&	

/10+�*	

𝑒𝑟𝑔&. 𝐺+& 

𝑅 = −|𝜇||𝑚|𝑐𝑜𝑠𝜃	

/10+�*	

𝑒𝑠𝑢. 𝑐𝑚. 𝑒𝑟𝑔. 𝐺+' 

𝜃° 
Calc. /10+& 

𝑔NOP = −4𝑅/𝐷 ∙ 𝑀 

Exp. /10+& 

𝑔NOP 

Normalized Calc.  

𝑔NOP 

Normalized Exp.  

𝑔NOP 

2 M,A-I 212 0.0001 -0.0022 79 0.4 0.1 0.03 0.02 

2 P,C-I 214 0.0001 0.0014 79 -0.3 -0.1 -0.02 -0.02 

2 M,C-I 212 0.0002 0.1502 36 13.0 -4.5 -0.84 -0.90 

2 P,A-I 216 0.0002 -0.1484 39 -12.9 4.5 0.83 0.90 

2 M,A-Cl 102 0.0001 -0.0150 60 5.7 2 0.34 0.40 

2 P,C-Cl 102 0.0001 0.0150 57 -5.7 -2 -0.35 -0.40 

2 M,C-Cl 129 0.0001 0.0740 34 15.8 -5 -1.00 -1.00 

2 P,A-Cl 137 0.0002 -0.0801 42 -15.5 5 1.00 1.00 

1 A-Cl 45847 0.0252 3.2293 54 0.01 0.1 -0.001 -0.20 

1 C-Cl 45847 0.0252 -3.2270 54 -0.01 -0.1 0.001 0.20 
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Table B. 13. SA-CASSCF/QD-NEVPT2 computed axial and rhombic excited state multiplet ZFS parameters (D (cm-1) and E/D) at equilibrium 

and minimum energy geometries together with the respective axial and rhombic spin-vibronic coupling constants ξD (cm-1) and ξE along a selected 

set of vibrational normal modes for A-Cl/I diastereomers 1 and 2. 

 

Complex 

 

CAS 

(m,n) 
Mode†  

 

ZFS 

 

Spin-Vibronic Coupling 
Qeq. 

 

Qmin. 

D E/D D E/D 
Axial coupling 

ξD 

Rhombic Coupling 

ξE 

1 A-Cl (8,8) 

1  -83.14 0.07 -248.29 0.10 -83.99 -7.56 

2   -85.14 0.01  -350.15 0.05  -121.83 -9.75 

3   -85.14 0.04  -319.15 0.08  -119.83 -9.59 

4   -86.75 0.08  -84.59 0.20  -119.04 -8.33 

Total/Average      -84.72 0.05  -250.25 0.09  -110.63 -7.74 

1 A-I  (8,8) 

1   -318.01 0.01  -215.78 0.01  -95.27 -0.95 

2   -330.01 0.01  -354.23 0.01  -107.24 -1.07 

3   -324.01 0.01  -229.51 0.06  -102.62 -1.03 

4   -330.01 0.01  -312.94 0.02  -105.23 -1.05 

Total/Average      -325.52 0.02  -277.52 0.02  -102.25 -1.02 

Continued in the next page 
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Complex 

 

CAS 

(m,n) 
Mode† 

 

 ZFS 

 

Spin-Vibronic Coupling 
 Qeq. 

 

Qmin. 

 D E/D D E/D 
Axial coupling 

ξD 

Rhombic Coupling 

ξE 

2 M,A-Cl (10,11) 
5  -5.54 0.27 -3.86 0.30 -20.05 -2.41 

6   -5.53 0.25  -4.40 0.23  -20.58 -2.12 

Total/Average      -5.53 0.25  -4.13 0.25  -20.27 -2.23 

2 P,A-Cl  (10,11) 
5   -6.96 0.28  -4.32 0.29  -20.38 -4.89 

6   -4.97 0.21  -5.38 0.20  -30.90 -5.43 

Total/Average      -4.96 0.24  -4.85 0.23  -30.14 -5.04 

2 M,A-I  (10,11) 
5   -4.92 0.18  -4.92 0.18  ~0 0.00 

6   -3.56 0.24  -4.47 0.29  -1.35 -0.16 

Total/Average      -4.24 0.21  -4.69 0.21  -1.35 -0.16 

2 P,A-I  (10,11) 
5   -5.92 0.16  -6.01 0.21  -0.22 -0.05 

6   -4.05 0.27  -4.24 0.23  -0.37 -0.08 

Total/Average      -4.98 0.23  -5.12 0.22  -0.27 -0.06 

†The modes are visualized in Figures B.16 and B.17. 
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