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1.1 What is Light? 
Light is the most powerful tool to probe the universe around us. When light interacts with the 

matter around us, it is altered. By studying the characteristics of this altered light, we can 

discern the properties of the matter itself. But one may ask, “What exactly is light and what 

is it made up of?” It then becomes apparent that light is a seemingly everyday phenomenon 

but is impeccably hard to assign a physical meaning. For centuries, the greatest minds in 

science debated this exact issue. In the 1600’s, Newton, through performing diffraction 

experiments using a prism, concluded that light is made up of particles. This hypothesis was 

later challenged by Hugyens who instead claimed that light behaves like a wave, just as the 

ripples in water.[1] But, it was only later, in 1801, when Young successfully demonstrated that 

light behaves as both a “particle” (or a photon) and a “wave”.[2] At present, light is defined as 

electromagnetic radiation that acts as a source of energy with a wave–particle duality. Optics 

is the study of light, where properties such as wavelength and a constant speed in vacuum 

define and characterize light. 

 

 

1.2 Source of light 
The main source of light on Earth is sunlight. It is the quintessential example of 

electromagnetic radiation composed of a range of wavelengths. Starting from ultraviolet 

(100–400 nm), it goes from visible (380–700 nm) to infrared region (700 nm–1 mm, see 

Figure 1.1). Light is often associated with the visible part of the electromagnetic spectrum, as 

most of the animals have evolved to be sensitive to visible spectum, but by definition it refers 

to the entire electromagnetic spectrum. In terms of energy, sunlight at the Earth’s surface is 

around 52-55% infrared (IR), 42-43% visible (Vis) and 3-5% ultraviolet (UV). As such, solar 

energy can be used as an energy source, from which energy can be captured, transformed, and 

stored in another form. A prototypical example of this phenomenon is a plant, which uses 

solar energy combined with carbon dioxide and water to produce simple sugars through a 

process known as photosynthesis.[3] The plants use blue and red light of the visible spectrum 

to grow and flower.[4,5] 
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Figure 1.1. Extraterrestrial and terrestrial solar spectrum. The data has been taken from American Society for 
Testing and Materials (ASTM) G-173-03 reference spectra.[6] 

 

 

1.3 Solar Energy 
Harnessing solar energy, which is classified under renewable energy, to create an artificial 

source of energy in the form of electricity or as fuels has been one of the top priorities in the 

21st century. This is due to the escalating decline in fossil fuels and the harmful impact of its 

prolonged use on the climate. Direct capture of sunlight by clean technology is a valuable 

alternative to diminish human dependence on fossil fuels as an energy source. The amount of 

energy received by Earth each second from sun would be sufficient to satisfy the entire human 

energy demand for over two hours. As it is readily available and renewable at the same time, 

solar power remains an attractive source of energy. However, as of 2018, less than two percent 

of the world’s energy came from solar sources. The major reason behind such a slow growth, 

regardless of its huge intrinsic potential to solve the energy crisis, is due to the inefficiency of 

cheap solar cells to convert sunlight into electricity. In this sense, a significant amount of 

research is directed towards improved material design, among others, which can optimize the 

solar energy-driven processes to efficiently generate clean electricity and fuel. Most 

prominent solar cells available in the market are inorganic hetero-junction (formed between 

different semiconducting material) composed of mono- and multi-crystalline silicon 
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(efficiency ~ 26%) and thin-film cadmium telluride or gallium arsenide photovoltaic cells 

(efficiency ~ 22%).[7,78] These kind of solar cells are prevalent in the society due to their high 

efficiency resulting from their favorable band gap (~1.1 eV and ~1.5 eV for Si and CdTe 

based solar cells, respectively),[9][10] which makes them ideal candidates to absorb a large 

spectrum of sunlight. However, the toxicity and lack of tunability associated with these 

inorganic solar cells make them unfavorable for long-term use. In this regard, alternate solar 

cells made up of organic light-harvesting antennas present an attractive solution.[11,12] Most 

of the single-junction (formed from one semiconducting material) organic solar-to-energy 

devices primarily capture visible light (λ < 700 nm), and therefore can harvest only ~45% of the 

solar power leading to low efficiency. To compete with popular inorganic hetero-junction cells 

(bandgap Si 1100nm), these organic antennas must also capture near-infrared (NIR) photons (700-

1000 nm) to add another 31% of the solar flux. So, it becomes pertinent to design an organic dye 

that can absorb a large part of the solar spectrum. However, NIR organic absorbers are scarce due 

to limited availability of potent scaffolds. Moreover, the energy-gap law dictates that the more the 

absorption frequency red-shifts the faster is the deactivation of the absorption channel. Therefore, 

extending the 700 nm absorption limit of organic antennas to harness the NIR light is considered 

a major challenge, solutions to which are actively pursued. 

 

 

1.4 Near-Infrared Absorption 
Research on NIR materials and technology is motivated by curiosity in the fundamental study 

and practical applications in a number of important sectors such as energy, communication, 

sensing, and advanced optoelectronics.[13–15] Nearly 30% of solar energy falls in the NIR 

spectral region, which calls for NIR photovoltaic materials in solar energy conversion. In this 

regard, designing organic photovoltaics that can also absorb in the NIR region of the solar 

spectrum is an active area of research. More photons being absorbed by a solar cell would 

generate more current and thus a more efficient solar cell. We know plants only convert visible 

light into chemical energy. However, photosynthesis in bacteria can also make use of the far-

red light from the solar spectrum rendering their photosynthetic pathway more efficient. Other 

applications include organic emitters in NIR light emitting organic LEDs (OLEDs)[16,17] and 

MRI contrast agents in deep-tissue imaging,[18] to name a few.  
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Engineering NIR absorption is intricately connected to the electronic structure of the 

organic dye molecule. The optical and electronic properties are determined by the energy gap 

which, in general, refers to the gap between the highest occupied molecular orbital (HOMO) 

and the lowest unoccupied molecular orbital (LUMO), also known as the HOMO–LUMO 

gap. So, the organic dyes which absorb in the visible region can be red-shifted through 

decreasing the HOMO–LUMO gap. Therefore, HOMO–LUMO gap engineering is key in the 

design of NIR absorbing organic chromophores which often involves chemical and structural 

modifications. There are several methods for one to tune the HOMO–LUMO gap in an 

organic molecule with the best-known ones being (i) extending the conjugation length; (ii) 

bond-length alternation; (iii) installing donor–acceptor (D–A) architecture; and (iv) stacking 

(see Figure 1.2).[19,20] Indeed, there are several examples of NIR absorbing organic dye 

molecules consisting mainly of highly conjugated architectures such as polyacenes. Another 

class of interesting NIR chromophores are boron-dipyrromethene (BODIPY). Several 

derivatives of BODIPY are also known to exhibit NIR absorption and emission with a high 

quantum yield (Figure 1.3).[19,20] Another requirement to achieve a strong NIR absorption is 

to increase the oscillator strength corresponding to the electronic transition. A large oscillator 

strength means that more photons of a particular wavelength are absorbed. However, the most 

common architecture of organic NIR absorbing dyes corresponds to strong D–A systems 

which lead to a small overlap between the HOMO (localized on D) and LUMO (localized on 

A) resulting in a poor oscillator strength and hence a lower rate of radiative transition.[21] It 

has to be noted that there are more factors controlling the oscillator strength such as the dipole 

moment and the energy gap between the concerned electronic states. In all these cases, 

however, there remains a lack of understanding as to how the individual electronic properties 

of molecular constituents’ interplay with each other to give rise to optimal optoelectronic 

properties. For instance, in BODIPY, why does the inclusion of a boron or a nitrogen atom in 

the skeleton of BODIPY lead to favorable optoelectronic properties such as a small HOMO–

LUMO gap, high emission quantum yield and enhanced stability? The lack of this knowledge 

and the dearth of effective design principles to model novel NIR dyes prompts for a state-of-

the-art investigation into a fundamental understanding of the electronic structure of the dye 

molecule of interest. Another objective of this research is to study the transferability of the 

principles pertaining to modeling of NIR absorption into tuning chemical reactivity of 

elementary textbook organic reactions such as Diels-Alder cycloaddition reaction. The latter 
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also depend on the frontier MO electronic structure. Thus, the factors controlling the 

absorption may also directly control reactivity. We have explored this in great detail. 

 

 

 
 

Figure 1.2. General methodologies employed in literature to decrease the HOMO–LUMO gap. 
 

 

 
 

Figure 1.3. Commonly reported organic NIR chromophores.  
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1.5 Research Idea 
In this thesis, we study different methods to decrease the HOMO–LUMO gap through the use 

of quantum-chemical calculations for rational design of an NIR absorbing organic dye molecule. 

To this end, perturbations such as addition of donor-acceptor substituents or increasing 

conjugation length can be effectively studied by dividing the molecular complex into fragments. 

In this way, we can exclusively delineate, and hence, tune the influence of the electronic and 

structural properties of one fragment on the other. Along with the electronic gap tuning, we also 

focused on tuning the oscillator strength of absorption in organic NIR dyes, a fundamental 

parameter dictating the efficiency of such dyes in various photo-related applications. Chapter 2 

describes the theoretical methods and models used throughout this thesis. In Chapter 3, we 

evaluate the performance of several DFT exchange-correlation (XC) functionals in the gas- and 

condensed-phase to calculate correct absorption wavelength or excitation energies for a set of 

different core-substituted naphthalene diimides (cNDI). Various statistical measures are used to 

analyze the quantitative and qualitative accuracy of the computed TDDFT vertical excitation 

energies compared to experimental absorption maximum measured in dichloromethane solvent. 

Further, the performance of optimally-tuned range-separated hybrid (OT-RSH) functionals is 

evaluated and compared with the standard empirical DFT functionals. Eventually, a number of 

DFT functionals is recommended to accurately predict experimental absorption maximum in a 

new cNDI molecule.  

The following Chapter 4 discusses the principles for the design of functional NIR organic 

dye molecules composed of simple donor (D), spacer (π), and acceptor (A) building blocks in a 

D-π-A fashion. We performed quantitative Kohn-Sham molecular orbital analysis based on 

fragments which enables accurate fine-tuning of the electronic properties of the π-conjugated 

aromatic cores by modifying their size, including heteroatoms in the aromatic core, adding donor 

and acceptor substituents, and manipulating the D-π-A torsional angle. From these analyses, we 

developed rational design principles that led to a proof-of-concept linear D-π-A with a strong 

excited-state intramolecular charge transfer and a NIR absorption at 879 nm. 

Not limiting ourselves to modeling organic dyes exhibiting NIR absorption, Chapter 5 

encloses the details of tuning aromatic Diels-Alder cycloaddition by leveraging the design 

principles obtained from Chapter 4 and using them to rationalize aromatic Diels-Alder reactions. 
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In this chapter, we analyzed the unusually fast Diels-Alder reactivity of [5]cyclophanes using 

density functional theory. The computations were guided by an integrated activation strain and 

Kohn-Sham molecular orbital analysis. We examine how pre-distortion emerging from the meta-

bridge in [5]metacyclophane or para-bridge in [5]paracyclophane imparts a significant rate 

enhancement compared to their planar benzene analog. Furthermore, heteroatom substitution in 

benzene is investigated to tune the reactivity. Through a judicious choice of the bridge and 

heteroatom in the aromatic core we rationally lower the aromatic Diels-Alder activation barrier. 

In the final Chapter 6, we utilized structural distortion as a tool, as explained in Chapter 5, 

to tune the optoelectronic properties of aromatic dye molecules to achieve NIR absorption. Using 

a quantitative Kohn-Sham MO approach in combination with Time-Dependent DFT (TD-DFT), 

we undertook a deep dive into the influence of various structural and electronic tuning parameters 

on the HOMO–LUMO, and thus, the optical gap of a benzenoid model dye such as (i) out-of-plane 

bending of the aromatic core; (ii) bending of the bridge with respect to the core; (iii) nature of the 

bridge itself; and (iv) π-π stacking. Apart from rationally modifying the HOMO–LUMO and the 

optical gap, we also provide a rational tuning approach to increase the oscillator strength in such 

distortion-controlled chromophores. As a proof-of-principle, we applied our physical insights for 

the rational design of an intense distortion-controlled near-infrared (NIR) absorbing cyclophane 

dye. 

Finally, the summary, acknowledgements, and list of publications are presented.	
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2.1 Quantum Chemistry 
The field of quantum chemistry, as we know it, has an incredibly rich history. The Schrödinger 

wave equation (Dirac equation in case of relativistic effects), postulated by the Austrian physicist 

and Nobel Prize winner Erwin Schrodinger in 1925 and later published in 1926, represents the 

most significant landmark in the field of quantum chemistry.[1–3] The Schrödinger wave equation 

describes the movement of a particle in a potential or, in the present context, the motion of an 

electron around a nuclei using a wave-like description in which the particle has wave as well as 

particle properties. The solution of this equation is a wavefunction Ψ which contains all the 

information about the state of the system it describes. The time-dependent Schrödinger equation 

describes the evolution of the wavefunction Ψ with respect to position and time and the solution 

is denoted as Ψ(x,t). However, researchers are often investigating the time-independent 

Schrödinger equation which simplifies the complexity by separating the spatial and the temporal 

part of the wavefunction. The solutions to the simplified time-independent Schrödinger equation 

are called stationary states. These solutions are the eigenfunctions of the Hamiltonian operator H 

with eigenvalues E.  

 

 HΨ(r,t) = EΨ(r,t) (2.1) 

 HΨ(r) = EΨ(r)  (2.2) 

 

Eq. (2.3) shows the Hamiltonian operator H describing the total energy of a system 

comprising of N electrons and M nuclei in terms of atomic units. H includes terms for the kinetic 

energy of all nuclei M (TM) and electrons N (TN) along with the stabilizing potential energy term 

emerging from nucleus-electron attraction (VMN) and the destabilizing potential energy terms 

emerging from nucleus-nucleus (VMM) and electron-electron repulsion (VNN). All the electrons are 

spinless. 
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 H = TN + TM + VNM + VNN + VMM (2.3) 

 

Here, ∇2	is	the	Laplacian.	The indices i, j and A, B run over all the electron and nuclei, respectively. 

ZA and ZB are the charges of atom A and atom B, respectively. RiA is the inter electron-nucleus 

distance between an electron i and a nucleus A, rij is the distance between electron i and j, and RAB 

is the distance between nucleus A and B. To enable the description of more larger, more realistic, 

but also computationally more costly many-electron systems, the approximate wavefunction-based 

Hartree-Fock (HF) method was developed.[5] The major drawback of this method is the lack of 

electron-electron correlation in its single determinant wavefunction, which results in large 

deviations when compared to experimental data. An alternative to the HF method is  the density 

functional theory (DFT) which recovers the electron-electron correlation, in principle exactly.[6] 

Another approximation commonly employed in quantum chemistry is the Born-Oppenheimer 

approximation.[7] It states that the motion of nuclei is much slower than that of electrons, such that 

the electrons effectively move in the static field of the nuclei. This is due to the mass of a nucleus 

which is 3 or more orders of magnitude larger than that of an electron leading to a relatively 

negligible movement of the nucleus compared to an electron. As a result, the total wavefunction 

can be separated into two parts: electronic and nuclear wavefunction. Consequently, we can focus 

on the electronic problem in which the electronic Hamiltonian operates only on the electronic 

degrees of freedom as shown in Eq. (2.4). 

 

 HelecΨelec = (TN + VNM + VNN)Ψelec (2.4) 

	

The	electronic	wavefunction	Ψelec  for an N-electron system in HF theory is approximated 

as the linear combination of Hartree products of orbitals in a Slater determinant.[8] The use of a 

Slater determinant instead of a simple Hartree product of orbitals is necessary to fulfill the 

antisymmetric property of fermions. More accurate wavefunction-based methods such as 

configuration interaction (CI) and other post-HF methods are available which, unlike the HF 

method, explicitly include electron-electron correlation. However, the high computational cost to 

accuracy ratio precludes their usage.  
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2.2 Density Functional Theory 
Density functional theory (DFT) has gained a huge popularity among synthetic and computational 

chemists alike, for performing electronic structure calculations in molecular systems as well as for 

solids.[6] This section provides a very brief introduction to the basics of DFT as it would be used 

extensively in this thesis. The theoretical background of DFT was first established by Walter Kohn 

and Pierre Hohenberg in the framework of Hohenberg-Kohn (H-K) theorems.[9] The theorem states 

that the ground state energy E of an electronic system is uniquely determined by the ground state 

electron density r(r) and the true ground state energy can be determined variationally by 

minimizing the energy as a functional of r(r). The recipe to generate the r(r) was later developed 

by Walter Kohn and Lu Jeu Sham in the form of Kohn-Sham (KS) DFT.[10] They suggested a 

concept of a reference system of non-interacting electrons, moving in an effective potential VS. 

The effective potential or the KS potential is constructed such that the density of the reference 

system equals the density of the real, interacting system. Thus, in KS DFT, the electronic 

wavefunction of the reference system is expressed by a single Slater determinant, consisting 

of one-electron wavefunctions or KS orbitals φ. The electron density can thus be constructed 

by summing over the orbital densities with orbital occupation numbers as ni: 

 

𝜌(r) = 	'𝑛)
)

|𝜑)(r)|* (2.5) 

 

According to KS-DFT, the exact energy functional can then be expressed as: 

 

 E[r] = TS[r] + En[r] + EC[r] + EXC[r] (2.6) 

 

The first term TS[r] in Eq. (2.6) represents the kinetic energy of the electrons of a non-interacting 

reference system. En[r] and EC[r] are the electron-nucleus attraction including the internuclear 

repulsion and the Coulomb interaction between two electronic charge distributions r(r), 

respectively. The last term, EXC[r], is the exchange-correlation energy that accounts for exchange 

and Coulomb correlation between electrons, including the associated corrections to the kinetic 

energy. KS orbitals and energies can be obtained from the effective one-electron KS equation: 
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 heff φi = ei φi (2.7) 

 

 heff = QR
QS

 = – 1
2
∇2	+	VS (2.8) 

 

where heff is the one-electron KS Hamiltonian which is the functional derivative of E with respect 

to r and consists of the kinetic energy operator and the KS potential VS. The solutions to this 

equation are the eigenvalues ei which represent the KS orbital energies. VS comprises the potential 

due to the charged nuclei, an effective Coulomb potential VC due to the electronic charge 

distribution r(r) and an exchange-correlation potential VXC. An exact analytical expression for 

VXC is unknown. However, there exist plenty of approximations which are employed, such as, 

the local density approximation (LDA) or the generalized gradient approximation (GGA). 

Nowadays, there are a huge number of XC functionals available in most of the quantum 

chemistry codes. Which of these XC functional is the best choice heavily depends on the the 

system under investigation and the property to be evaluated and analyzed. An overview and 

extensive assessment of different classes of exchange-correlation functionals can be found in 

Reference [11]. 

 

2.3 Time-Dependent Density Functional Theory 
As mentioned in the previous section, DFT provides quite accurate stationary ground-state 

electronic structure. So, a natural question would be: is there also a time-dependent version of the 

HK theorem and the KS equations? What about the processes which are evolving with time, also 

referred as dynamic properties, such as excitation, polarizability, spectra and two-photon 

absorption to name a few. This problem can be solved by the time-dependent density functional 

theory (TDDFT).[12] In TDDFT, the calculation of the excitation energies and other linear response 

properties are performed using the eigenvalue equation of Eq. (2.9), also referred to as Casida’s 

equation:[13] 

 

 Ω𝐹X = 	𝜔X*𝐹X (2.9) 
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Ω is a four-index matrix and has components given by  

 

 Ω)Z[,4]^ = 	 𝛿[^𝛿)4𝛿Z]Δ)Z[* 	+ 	2aΔ)Z[𝐾)Z[,4]^aΔ4]^ (2.10) 

 

 𝐾)Z[,4]^ = 	𝐾)Z[,4]^cdef +	𝐾)Z[,4]^gc  (2.11) 

 

Here Δ)Zh is the orbital energy difference eaσ – eiσ. In this four-index matrix Ω, the squared 

differences between occupied and virtual KS orbital energies (a, b refer to unoccupied and i, j refer 

to occupied orbitals, while σ and t are spin indices). K is the coupling matrix containing the 

Coulomb and exchange-correlation (XC) kernel. The eigenvalue 𝜔X* is the square of the excitation 

energy. The oscillator strength, or in other words, the probability of the excitation, can be derived 

from the eigenvectors FI. The elements of eigenvector FI are roughly comparable to the CI 

coefficients in a singly excited configuration interaction and are a measure of the purity of the 

single orbital transition. The Coulomb and the XC part of the coupling matrix is given by 

 

𝐾)Z[,4]^cdef = 	i𝑑k𝑟i𝑑k𝑟l 𝜙)[∗ (𝑟)𝜙Z[(𝑟)	
1

|𝑟 − 𝑟l| 	𝜙]^
∗ (𝑟′)𝜙4^(𝑟′) (2.12) 

 

𝐾)Z[,4]^gc = 	i𝑑k𝑟i𝑑k𝑟l 𝜙)[∗ (𝑟)𝜙Z[(𝑟)	𝑓[^gc(𝑟, 𝑟l)	𝜙]^∗ (𝑟′)𝜙4^(𝑟′) (2.13) 

 

where 𝑓[^gc(𝑟, 𝑟l) is the exchange-correlation kernel given by 

 

𝑓[^gc(𝑟, 𝑟l, 𝑡, 𝑡′) = 	
𝑑𝑣[st(𝑟, 𝑡)
𝑑𝜌(𝑟l, 𝑡′)  (2.14) 

 

Here vxc is the ground-state XC potential. In the so called adiabatic local density approximation 

(ALDA), which is normally employed in quantum chemistry packages, the XC kernel reduces to  

 

𝑓[^gc(𝑟, 𝑟l, 𝑤) = 	𝑑(𝑟 − 𝑟l)
𝑑𝑣[vw/(𝑟, 𝑡)

𝑑𝑟x
 (2.15) 
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Using Casida’s equation, for spin-restricted calculations, two separate eigenvalue problems can be 

derived for singlet and triplet transitions respectively. 

 

Ω)Z,4]
y = 	𝛿)4𝛿Z](𝜀Z − 𝜀))* 	+ 	2a(𝜀Z − 𝜀)){2𝐾)Z,4]cdef + 𝐾)Z↑,4]↑

gc 	+	𝐾)Z↑,4]↓
gc ~a𝜀] − 𝜀4 (2.16) 

 

Ω)Z,4]
� = 	𝛿)4𝛿Z](𝜀Z − 𝜀))* 	+ 	2a(𝜀Z − 𝜀)){𝐾)Z↑,4]↑

gc 	−	𝐾)Z↑,4]↓
gc ~a𝜀] − 𝜀4 (2.17) 

 

The dimension of the Ω matrix is nocc x nvirt, where nocc and nvirt are the number of occupied and 

virtual KS orbitals respectively. Solving these equations is a computationally formidable task and 

due to huge number of single orbital transitions the eigenvalue problem is usually solved with 

iterative eigensolvers like the Davidson algorithm.[14–16]  

Casida also showed that for singlet excitations the oscillator strength fI is given by[13]  

 

𝑓X = 	
2
3∆X �'

�
2∆)Z
∆X

𝐹)Z,X�

)Z

⟨𝜙)|𝑟|𝜙Z⟩�

*

 

 

(2.18) 

 

Here ⟨𝜙)|𝑟|𝜙Z⟩ is the transition dipole moment (TDM) of the single orbital transition i → a. The 

linear combination of these TDMs determines the overall TDM of a particular excitation. ∆I 

represent the energy eigenvalue of the Ith excitation. Fia corresponds to the eigenvector composing 

the excitation and ∆ia is the KS orbital energy difference as specified above. 

 

 

2.4 Activation Strain Model  
Modelling chemical reactions and gaining an in-depth mechanistic understanding of the different 

processes involved in a chemical transformation has been the principal objective of quantum 

chemistry. One of the goals of this thesis includes gathering insights into how an activation barrier 

or a transition state (TS) barrier of a reaction arises and how can we tune this barrier height. The 

activation strain model (ASM) provides a chemically intuitive and easy-to-understand recipe for 

analyzing the progress of the reaction relative to the reactants.[17–20] Firstly, ASM relates the height 
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of the activation energy to the rigidity of the reactants as well as the geometrical distortion 

associated with the reaction pathway under consideration. Secondly, ASM relates the bonding 

capabilities and the mutual interaction between these distorted reactants along the same pathway 

as described in Figure 2.1. This model has been extensively used in understanding mechanistic 

details of fundamental reactions such as cross-coupling reactions,[21–23] Diels-Alder 

cycloaddition,[24–30] substitution/elimination reactions,[19,31–36] to name a few.  

 

 

 
 
Figure 2.1. Activation strain analysis of two closed-shell species A and B forming an overall molecular complex 
AB. 
 

 

ASM is a fragment-based approach to understand the energetics of the reaction profile in 

terms of the properties of the involved reactants. Thus, the bonding energy ∆E(ζ) along the whole 

reaction pathway is decomposed into two terms: (i) strain energy ∆Estrain(ζ) required to 

geometrically distort the reactants from in the reaction profile, and (ii) interaction energy ∆Eint(ζ) 

between these distorted reactants.  

 

 ∆E(ζ) = ∆Estrain(ζ) + ∆Eint(ζ) (2.19) 

∆Estrain(ζ) is defined as the energy required to distort the reactants from their original equilibrium 

geometry to the geometry they attain at the point of interest on the reaction profile. It can be further 

decomposed into the strain energy of the constituting fragments. Strain energy is typically an 

energetic penalty (destabilizing) as the structures are being distorted from their reference 

geometry. This term can gain significant values, for example, in the case of cleavage of a bond in 

∆E‡int

∆E‡

∆E‡strain

A + B

AB‡

AB
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the dienophile upon cycloaddition. On the other hand, ∆Eint(ζ) covers all the chemical interactions 

emerging between these distorted reactants when they are brought from infinity to the point of 

interest on the reaction profile. This can consist of, for example, bond formation in the cycloadduct. 

∆Eint(ζ) can be further dissected into different energy components based on energy decomposition 

analysis (EDA) as outlined in the next section. It is the interplay between ∆Estrain(ζ) and ∆Eint(ζ) 

that determines if and at which point in the reaction profile the activation barrier arises. So, the 

activation energy of the reaction is made up of the sum of activation strain and TS interaction 

given by 

 

 ∆E‡(ζ) = ∆Estrain‡(ζ) + ∆Eint‡(ζ) (2.20) 

 

So, the barrier appears when d∆Estrain(ζ)/dζ = –d∆Eint(ζ)/dζ as d∆E(ζ)/dζ reaches an extremum. 

As mentioned before, the ∆Eint can be decomposed into three physically meaningful terms 

(four terms if dispersion ∆Edisp is included as a correction term in the XC functional) in the 

framework of the molecular orbitals (MOs) arising from Kohn-Sham DFT using EDA, originally 

developed by Ziegler and Rauk.[37–40]  

 

 ∆Eint(ζ) = ∆Velstat(ζ) + ∆EPauli(ζ) + ∆Eoi(ζ) (2.21) 

 

Assuming there is a complex AB that is composed of two fragments A and B, which have 

electronic densities ρA and ρB with corresponding wavefunctions ψA and ψB and energies EA and 

EB, respectively. The first term, ∆Velstat, is the classical electrostatic interaction between the 

unperturbed charge densities of the distorted fragments. It consists of the Coulombic repulsion 

between the nuclei α and β (at positions R, with charges Z) as well as the repulsion between 

their unperturbed electron densities ρA and ρB, and the attractive interactions between the 

nuclei of one fragment with the electron density of the other: 

 

 

(2.22) 

 

It is known from elementary electrostatics that two interpenetrating charge clouds have a 

repulsion that is smaller than the one between point charges at their centers, which means that 

( ) ( ) ( ) ( )1 2
1 2

12

AB A B
elstat

A B A B

Z Z Z rZ r r r
V dr dr dr dr

R R r rR r
a b ba

aÎ bÎ aÎ bÎab a b

rr r r
D = - - +

- -åå å åò ò òò
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neutral fragments consisting of electronic densities around positive nuclei will typically experience 

a net attraction when these fragments approach each other and the charge densities begin to 

overlap.[41] Thus, ∆Velstat is usually attractive for molecular fragments at chemically relevant 

distances (at much shorter distances, the nuclear–nuclear repulsion begins to dominate and ∆Velstat 

becomes repulsive). The Pauli repulsion, ∆EPauli, is the energy change that occurs upon going from 

the product wavefunction ψAψB to an intermediate wavefunction ψ0 that, after antisymmetrization 

by an operator A and renormalization by a constant N, properly obeys the Pauli principle: ψ0= 

NAψAψB. This intermediate state, with density ρ0, has energy E0, such that ∆E0 = E0  – EA – EB = 

∆Velstat + ∆EPauli and ∆EPauli = ∆E0 – ∆Velstat. The Pauli repulsion accounts for the repulsive 

interaction between electrons having the same spin, and is the origin of steric repulsion. It is 

responsible for, for example, the 4-electron destabilizing interactions between doubly occupied 

orbitals from the different fragments, as shown in Figure 2.2. The requirement of 

antisymmetrization leads to a nodal plane in one of the two orbitals formed by two occupied 

valence orbitals from different fragments. The large gradients in this nodal plane result in a 

significant increase in the kinetic energy. In the final step, the system is allowed to relax from ψ0, 

and corresponding ρ0, to the final ψAB and optimized density ρ of the molecular complex AB. The 

accompanying energy change is the orbital interaction term: ∆Eoi = EAB – E0. This term is by 

definition stabilizing, because it allows the virtual orbitals on the fragments to be mixed. As a 

result of this mixing, the orbital interaction component contains the stabilizing contributions from 

polarization of the fragments A and B, as well as charge transfer between the fragments (see Figure 

2.3). Furthermore, the total orbital interaction energy ∆Eoi can be further decomposed into 

contributions from each irreducible representation (irrep) Γ of the point group of the molecular 

system because, according to group theory, only orbitals of the same symmetry, that is, having the 

same character under the available symmetry operations, can interact and mix. 

 

∆𝐸�� 	= 	'𝐸���

�

 

 

 

(2.22) 
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Figure 2.2. Schematic representation of a number of elementary types of interaction between fragments A and B in 
the Kohn–Sham MO model. 

 

 

 

 
Figure 2.3. Orbital interaction diagram between two closed-shell species A and B forming an overall molecular 
complex AB. 

A B A B A B

A B A

Pauli repulsion Electron-pair bond
Donor-acceptor bond/

Charge transfer

Three-electron bond Polarization

A+δ B-δ

A+δ

A-δ

B+δ

B-δ

Electrostatic

A B AB AB
(ρΑ) (ρΒ) (ρ0) (ρ)

Pauli
Polarization and
Charge Transfer

Polarization and
Charge Transfer



Capturing Lost Photons 
 
 
 
 

The ASM analysis is performed using the PyFrag program[42] which is essentially a 

‘wrapper’ for the Amsterdam Density Functional (ADF) package[43–45] and facilitates the 

extension of the fragment analysis method implemented in ADF. 
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3.1 Introduction 
In recent years, organic dyes have found applications that extend far beyond their traditional use 

such as in optoelectronic devices ranging from light emitting diodes[1–5] to dye sensitized solar 

cells.[6–8] Theoretical methods offer substantial time and resource savings in the design and tuning 

of the absorption properties of dyes for optimized performance in optoelectronic applications, 

compared to the standard trial and error approach in the laboratory. 

 Time-dependent density functional theory (TDDFT) has become the method of choice for 

calculating the absorption properties of relatively large chromophores due to its balance between 

accuracy and computational expense.[9–15] However, many chromophores or dyes used in 

optoelectronic devices show charge-transfer (CT) behavior[16] or have highly delocalized 

excitations[17] for which TDDFT with semi-local or local exchange-correlation functionals 

inherently fails. The reason for this deficiency is often attributed to the lack of the integer 

discontinuity in these types of functionals.[18–20] In the Kohn-Sham framework, both the occupied 

and virtual orbitals "feel" an effective field of N–1 electrons. The virtual orbitals can therefore be 

seen as approximations to excitation energies as long as the electron and hole are in close 

proximity.[21,22] However, this is not the case in CT excitations where the electron and hole are 

separated in space. The local character of the exchange hole leads to an unphysical stabilization of 

the CT excitation. These shortcomings can be alleviated partially by using global hybrid (GH)[23] 

and largely by range-separated hybrid (RSH) functionals.[24–26] 

 In this paper we present a systematic TDDFT study of core-substituted naphthalene diimides 

(cNDIs) which are well known for their tunable absorption and emission properties, ranging over 

the entire visible to near-infrared spectrum.[27–32] The parent NDI molecule has been extensively 

used as an electron acceptor exhibiting a high π-acidity,[33,34] as well as for electron transport[35–36] 

and photoinduced CT applications.[37–39] An accurate quantum computational approach is 

indispensable to gain a comprehensive understanding of these excited-state processes. To this end, 

we have computed the lowest dipole-allowed singlet electronic excitation energies for ten different 

core-substituted naphthalenediimides (cNDI; shown in Figure 3.1) in the gas- (Evert-abso) and in the 

condensed-phase (Evert-abso(DCM)) using linear-response TDDFT and compared these to 

experimental UV/Vis absorption maximum λmax values recorded in dichloromethane (DCM).[40]  
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Figure 3.1. Structures of the selected cNDIs for the TDDFT benchmark (1-10). 
 

 

The calculations have been performed with a selection of generalized gradient approximation 

(GGA), global hybrid (GH), range-separated hybrid (RSH) and optimally-tuned range-separated 

hybrid (OT-RSH) functionals. Note that the computed vertical excitation energies and the 

measured absorption maximum λmax are not physically equivalent, although they are often directly 

compared and do agree remarkably well.[14,41,42] A more correct assessment would require 

comparing the computed 0–0 transition energy E0-0 to the measured absorption-fluorescence 

crossing point.[43] However, due to the lack of well-resolved vibronic spectra, the computed 

excitation energies are compared against λmax. 

 

 

3.2 Computational details 
General Procedure 

All calculations were carried out with the Amsterdam density functional (ADF2013) program.[44–

46] Equilibrium geometries were optimized using the BP86 functional.[47] The BP86 functional is 

one of the three best DFT functionals for the accuracy of geometries, with an estimated unsigned 

error of 0.008 Å.[48] In all cases, the we used the TZ2P basis set, which is created from a large 

uncontracted set of Slater-type orbitals of triple-ζ quality, augmented by two sets of polarization 

functions (d and f on heavy atoms; 2p and 3d sets on H). Core electrons (e.g., 1s for second period, 

1s2s2p for third period, 1s2s2p3s3p for fourth period, 1s2s2p3s3p3d4s4p for fifth period, and 

1s2s2p3s3p3d4s4p4d for sixth period) were treated by the frozen core approximation. We used the 
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pair-atomic density fitting to calculate the Coulomb and exchange terms in the self-consistent field 

(SCF) procedure. Scalar relativistic corrections were included self-consistently using the zeroth-

order regular approximation (ZORA).[49] All geometry optimizations were performed in the gas-

phase on isolated molecules. All the equilibrium geometries were verified by vibrational analyses 

to be (local) minimum energy structures (zero imaginary frequencies). The frontier orbital 

wavefunctions exhibit a nodal plane at the two nitrogen positions in the diimide ring which 

suggests that the alkyl or phenyl groups at these positions would have no significant impact on the 

molecular electronic properties.[32,50] We found exactly the same observation. For example, the 

lowest dipole-allowed vertical excitation energy of N,N-DIP2-1 is blue-shifted by only 0.05 eV 

when both phenyl rings are removed from the diimide positions and replaced by hydrogens. 

Therefore, to reduce the computational effort the substituents at the diimide position were replaced 

with hydrogens in all the systems (1-10). 

 

Vertical Excitation Energies 

The singlet vertical excitation energies were computed with TDDFT[51] for our model cNDI 

systems mimicking gas-phase and dichloromethane (DCM) solvent conditions. The effect of DCM 

was included using the non-equilibrium conductor-like screening model (COSMO) in the linear-

response framework.[52] The various functionals employed were GGAs BLYP,[53-55] and OLYP,[56] 

GHs B3LYP with 20% exact exchange,[57] and PBE0 with 25% exact exchange,[58] and RSHs 

LCY-BLYP (0% and 100% exact exchange at short- and long-range, respectively) and CAMY-

B3LYP (19% and 65% exact exchange at short- and long-range, respectively)[59]. The TZ2P basis 

set was used for the computations. The BLYP functional was used to test the basis set convergence 

for the excitation energies. Increasing the basis set from TZ2P to a larger QZ4P basis set had no 

significant influence on the vertical excitation energies (see Appendix 3.1). The RSH functional 

splits the Coulomb operator into a short- and long-range interaction part attenuated by a switching 

function. The most common type of switching function is the complementary error function erfc, 

due to the straightforward computation of integrals involving the error function and Gaussian basis 

functions. However, there is no computational advantage in combination with Slater orbitals. 

Therefore, the exponential function exp(−γ𝑟-*), called the Yukawa potential[58], in combination 

with the Coulomb operator has been implemented in ADF. The γ parameter determines how 

rapidly the switching occurs between the short- (SR) and long-range (LR) term Eq. (3.1). 
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 1
r12

 = SR + LR	= 1�[�+β (1�exp(�γr12)]
r12

+
�+β (1�exp(�γr12)

r12
  (3.1) 

 

The parameters α and the sum α + β denote the fraction of exact exchange at short and long inter-

electronic distance	𝑟-*, respectively. For example, on using the RSH functional LCY-BLYP with 

the empirically-derived parameters γ = 0.75, α = 0.00 and β = 1.00 the exact exchange and semi-

local DFT exchange vanishes completely at 𝑟-* = 0 and 𝑟-* = ∞, respectively. Similarly, the second 

RSH CAMY-B3LYP functional has the parameters of γ =0.34, α = 0.19 and β = 0.46. We also 

evaluated the performance of OT-RSH LC-BLYP*, where * represents ab-initio tuned range- 

separation parameter γ in LC-BLYP based on the IP theorem of DFT,[60-63] details of which are 

provided in the next section. 

 

Calculating the Optimal Range-Separation Parameter 

It is well-known that the fraction of exact and DFT exchange along with the range-separation 

parameter γ employed in RSHs are system-dependent.[64] Invoking the IP theorem of DFT, the 

optimally-tuned value of γ can be computed in an ab-initio manner for each system. The IP 

theorem states that the energy of the highest occupied molecular orbital 𝜀�(N) for an N-electron 

system should be equal to the negative of the ionization potential of the N-electron system –IP(N), 

calculated as the energy difference E(N–1) – E(N).[60-63] Approximate XC functionals lead to a 

large deviation between 𝜀�(N) and IP(N), and so the optimally-tuned formalism tries to minimize 

this error such that 𝜀�(N) = –IP(N) is satisfied to the best possible extent. This formalism can also 

be applied to the N+1 system, such that 𝜀�(N+1) = E(N) – E(N+1) = –IP(N+1) equals the electron 

affinity of the N-electron system EA(N). Numerous studies have shown that OT-RSH functionals 

can vastly improve the electronic spectra along with other response properties.[65-70] Thus, 

following Eqs. (3.1) and (3.2) we performed ab-initio tuning of the switching parameter γ in the 

LCY-BLYP functional by minimizing the J(γ) function with respect to γ for each molecule in the 

benchmark set. 

 

 J(γ) =�∑ [εH(N+i)+IP(N+i)]1
i=0  (3.2) 



Capturing Lost Photons 
 
 

	 29	

 

Condensed-phase tuning leads to too small γ values, which would reintroduce the delocalization 

error leading to underestimation of the excitation energies for the solvated molecules.[71] For this 

reason, all tuning calculations were performed on isolated molecules mimicking gas-phase 

conditions.  

 

 

3.3 Results and Discussion 
The ability of various XC functionals to reproduce experimental λmax was first assessed using 

statistical methods. The mean deviation (MD), mean absolute deviation (MAD) and maximum 

deviation (MAX) were calculated to discern the quantitative accuracy of the functionals. 

Additionally, correlation (R2) was also calculated to discern the systematic performance of the 

functional. These results are presented in Table 3.1 and Figures 3.2-3.4. Next, the performance of 

the OT-RSH functional LC-BLYP* was evaluated, results of which are presented in Table 3.2 and 

Figure 3.5. Lastly, to obtain an optimal computational approach, the TDDFT data were linearly-

fitted and analyzed as summarized in Table 3.3. 

 Condensed-phase TDDFT results are more accurate and systematic than those computed 

in the gas-phase (except GGAs) (see Figure 3.3, Table 3.1 and Appendix 3.3) as experimental 

UV/Vis measurements were performed on samples dissolved in dichloromethane (DCM). All the 

condensed-phase TDDFT excitation energies are red-shifted compared to corresponding gas-phase 

ones due to a larger stabilization of the excited state compared to the ground state. The electronic 

transition from the donor substituent (D) to the NDI acceptor (A) results in charge separation and 

a larger dipole moment in the excited state compared to the ground state, which is stabilized by 

the polar DCM solvent. Similar results were found in our previous study for D-π-A CT 

molecules.[72] In light of these findings, we only discuss and compare the condensed-phase 

excitation energies Evert-abso(DCM) with the measured λmax. 

 

 

Condensed-phase Vertical Excitation Energies 

The results of our statistical analyses of the excitation energies for the ten systems calculated in 
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the condensed-phase are listed in Table 3.1 and visualized in Figure 3.2 and 3.3; the complete 

dataset is provided in Appendix 3.4. Overall, PBE0 gives the best quantitative agreement with 

measured λmax values, while LCY-BLYP displays the most consistent systematic shift of λmax 

values and thus has the highest predictive capability. The error in λmax increases in the order GHs 

> RSHs > GGAs. We first discuss the quantitative agreement and then analyze the trends in the 

shift of the excitation energy of 1-10. 

 The vertical excitations computed with the GHs are the most accurate ones of the three 

classes of functionals with MADs of 0.07 and 0.09 eV for PBE0 and B3LYP, respectively (see 

Figure 3.3). A moderate amount of exact exchange (20-25%) appears to be necessary to match the 

measured excitations of the cNDIs. PBE0 outperforms B3LYP in all statistical parameters (see 

Table 3.1) especially considering the fact that the errors are mostly negative for B3LYP than 

positive as in PBE0 (see Appendix 3.4). A positive error sign reflects a better method than one 

giving a negative error if vibronic effects are to be accounted for, as pointed out by Ferrer et al.[43] 

Namely, including vibronic effects would bring the overestimated PBE0 energies closer to the 

measured λmax values, while the B3LYP energies would be further underestimated.  

 Among the RSHs, CAMY-B3LYP shows a better quantitative agreement than LCY-BLYP 

with MAD values of 0.16 and 0.52 eV, respectively (Figure 3.2c and Figure 3.3). The 

overestimation and the large disparity among the RSHs result primarily from their range separation 

parameter γ. By default, CAMY-B3LYP and LCY-BLYP are created with a γ of 0.34 and 0.75 a0–

1, respectively. Following Eq. (3.1), it would mean that a larger γ leads to a larger region in space 

where exact exchange is incorporated than DFT exchange. In addition, LCY-BLYP contains the 

highest percentage of exact exchange (100% at long-range) among the tested functionals. So, both, 

a larger γ and a larger fraction of exact exchange in LCY-BLYP results in severely overestimated 

excitation energies.  

 In sharp contrast, the semi-local GGAs severely underestimate the excitation energies 

(MAD ≈ 0.40 eV, see Figure 3.3), which concurs their well-established findings for π-conjugated 

systems.[73] Such large underestimations stem primarily from an incorrect description of the 

delocalized or CT excitations, especially in the case of 4 (MAX = –0.72 eV). CT excitation energy 

in a D-A system at asymptotically large distance r is given by 

 

	 ECT = IPD – EAA – 1/r (3.3) 
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Figure 3.2. Accuracy plots of the lowest dipole-allowed vertical excitation energies in DCM (Evert-abso(DCM), 
computed at ZORA-TDDFT/TZ2P//ZORA-BP86/TZ2P using non-equilibrium COSMO, versus experimental λmax 
values. The dotted lines denote a linear fit using simple linear regression. 
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Table 3.1. Statistics and error analysis of TDDFT functionals compared to experimental lmax values for the lowest 
dipole-allowed vertical excitation energy (Evert-abso(DCM), in eV) in dichloromethane calculated using the COSMO 
solvation model.[a] 

 GGA 

∆E*int 

GH 

∆E*strain(diene) 

RSH 
Statistical 
Parameters 

OLYP BLYP B3LYP PBE0 LCY-BLYP CAMY-
B3LYP 

R2 0.86 0.86 0.90 0.92 0.98 0.96 
MD –0.39 –0.42 –0.09 0.00 0.52 0.16 
MAD 0.39 0.42 0.09 0.07 0.52 0.16 

MAX(+)[b] (eV) - - 0.03 0.13 0.61 0.24 

MAX(–)[b] (eV) –0.72 –0.74 –0.36 –0.25 - –0.01 
[a] Computed at ZORA-TDDFT/TZ2P//ZORA-BP86/TZ2P using non-equilibrium COSMO for DCM solvation. 
[b] Positive and negative MAX refer to the maximum overestimation and underestimation of lmax, respectively. 

 
 

	

where 1/r term reflects the Coulomb attraction between the electron and the hole. Figure 3.4 

depicts the spatial separation of the HOMO, which is delocalized over the extended π-conjugated 

system, and the LUMO, which is localized on the NDI core, and is indicative of a CT excitation. 

The excitonic size parameter dexc[74] confirms the excitation of 4 over those of the other cNDIs to 

be CT dominated. The dexc value of 6.47 Å for 4 is the longest of all the cNDIs, which concurs 

with the emergence of a CT error when GGAs are employed. This error in GGAs is primarily 

caused by two compounding factors, (i) the semi-local nature of the exchange hole that leads to an 

unphysical stabilization of the non-local exchange hole for a CT excitation and (ii) the 

underestimated orbital energy difference (which is the leading term in the TDDFT excitation 

energy) that should be close to IP – EA for a CT excitation (see Eq. (3.3)).[73] As already discussed, 

𝜀�(N) should be equal to –IP(N). However, the approximate GGA functional upshifts 𝜀�(N) due 

to the quadratic decay (1/r2) of the exchange-correlation potential instead of asymptotic behavior 

(1/r).[64,73-75] GHs partially mitigate this CT error by including a fraction of the exact exchange (–

ax/r,) over the inter- electronic distance resulting in a decrease of the error from –0.72 for OLYP 

to –0.25 eV for PBE0. That the CT error remains negative in sign indicates that a larger fraction 

of the exact exchange would be necessary to describe the CT excitation accurately. The smallest 

CT excitation error of 0.07 eV for 4 is obtained with the RSH functional CAMY-B3LYP. 
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Figure 3.3. Mean absolute deviation (MAD) and mean deviation (MD) relative to experimental λmax of the lowest 
dipole-allowed vertical excitation energies of 1-10, computed at ZORA-TDDFT/TZ2P//ZORA-BP86/TZ2P in gas-
phase (red) and in DCM solution (blue) using non-equilibrium COSMO. 
 

 

 

Figure 3.4. MOs involved in the lowest-dipole allowed transition in 4, computed at ZORA-BLYP/TZ2P//ZORA-
BP86/TZ2P (plotted at isovalue ±0.03 au). 
 
 

This functional mitigates the underestimation of the CT energy by introducing a large fraction of 

exact exchange at long-range to recover the asymptotic nature necessary for an attractive electron-

hole interaction. This is further complemented by a balance between the DFT exchange and exact 
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exchange at intermediate r. The result is in accord with past studies that highlighted the advantages 

of CAMY-B3LYP to accurately reproduce electronic excitation spectra and response properties of 

strong CT D-A systems.[77-80] 

 So far, we have concentrated on accurately reproducing measured λmax values, which led 

to a certain ranking of the tested functionals. However, such a ranking might obscure the relative 

performance of the functionals based on the systematic shift of λmax for the cNDIs. For example, 

the MAD criteria indicates PBE0 to be the most accurate functional whereas the rather large 

variability of the computed excitation energies excitation energies might suggest otherwise. This 

system-dependent behavior of PBE0 is reflected in the non-equivalent MD and MAD (see Table 

3.1). In this respect, LCY-BLYP shows, in fact, the best performance of all functionals (see Table 

3.1). Its systematic and consistent overestimation of λmax results in an excellent correlation of 0.98 

with the experimental values. The primary reason for this behavior is that LCY-BLYP treats 

valence and CT excitations on a similar footing. The excellent correlation found for LCY-BLYP 

would mean that the computed excitation energy can be effectively calibrated to accurately predict 

λmax of a new cNDI dye. The performance of CAMY-B3LYP (R2 = 0.96) is nearly as good as 

LCY-BLYP, but the GHs PBE0 (R2 = 0.92) and B3LYP (R2 = 0.90) are clearly not as good, with 

both GGAs being the worst (R2 = 0.86).  

 

Effect of Optimally-Tuned γ in LCY-BLYP on Vertical Excitation Energies 

The statistical data for the performance of OT-RSH LCY-BLYP* are presented in Table 3.2 

together with selected other functionals. The accuracy of the computed excitation energies 

improved with this optimized functional relative to GGAs and RSHs (PBE0 is still the most 

accurate) that also showed good predictability. The improvement in accuracy of LCY-BLYP* over 

the standard LCY-BLYP stems from a balanced DFT and exact exchange at short and long inter-

electronic distances. Optimal tuning of the γ parameter (see Eqs. (3.1-3.2)) in LCY-BLYP* 

reduces γ from its default value of 0.75 a0–1 to a range of 0.26-0.38 a0–1 depending on the particular 

cNDI. This large decrease in γ means that the change from DFT to exact exchange takes effect at 

longer inter-electronic distances and implies more semi-local DFT exchange than exact exchange 

(see Appendix 3.5). As a result, the excitation energies are lowered for the optimally-tuned LCY-

BLYP*. Although, the LCY-BLYP* excitation energies are somewhat more accurate than those 

obtained with the standard RSHs and exhibit a better systematic shift than those obtained with the 
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GHs, the relatively high computational price prohibits the use of this functional in a fast and 

predictive TDDFT protocol. 

	

	
Table 3.2. Statistics and error analysis of the OT-RSH LCY-BLYP* compared to other XC functionals and 
experimental lmax values for the lowest dipole-allowed vertical excitation energy (Evert-abso(DCM), in eV) in 
dichloromethane calculated using the COSMO solvation model.[a]	

 GGA GH RSH OT-RSH 
Statistical 
Parameters 

BLYP PBE0 LCY-BLYP CAMY-B3LYP LCY-BLYP* 

R2 0.86 0.92 0.98 0.96 0.96 
MD –0.42 0.00 0.52 0.16 0.11 
MAD 0.42 0.07 0.52 0.16 0.12 

MAX(+)[b] (eV) - 0.13 0.61 0.24 0.20 

MAX(–)[b] (eV) –0.74 –0.25 - –0.01 –0.05 
[a] Computed at ZORA-TDDFT/TZ2P//ZORA-BP86/TZ2P using non-equilibrium COSMO for DCM solvation. 
[b] Positive and negative MAX refer to the maximum overestimation and underestimation of lmax, respectively. 

 	

	

Calibration of Condensed-phase Vertical Excitation Energy 

Owing to the relatively good correlation exhibited by GHs and RSHs, the computed excitation 

energy can be calibrated to give a more accurate prediction of λmax of a new cNDI molecule. In 

this regard, we have developed a tool based on fitting TDDFT computed excitation energies with 

experimentally determined λmax values in DCM solution using simple linear regression (SLR) as 

shown in Figure 3.2. SLR entails calculation of a linear polynomial that determines the best fit 

between Evert-abso(DCM) and experimental lmax value. The corresponding SLR polynomials are 

displayed in Figure 3.2. The statistical analysis of the calibrated data using the SLR equations for 

the various functionals is summarized in Table 3.3. The MDs and MADs improve substantially 

for the calibrated as compared to the original TDDFT values. This is so for all the functionals but 

the improvement is most pronounced in the case of RSHs. This is of course the direct consequence 

of the fact that the RSH functionals already showed the most superior correlation coefficient R2 

between TDDFT and experimental data, and the fit basically eliminated the systematic error. The 

calibrated LCY-BLYP method, represented by Eq. (3.4), outperforms all other functionals 
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regarding any statistical descriptor (see Table 3.3). 

 

 λmax = –0.25 + 0.91ELCY-BLYP
vert-abso (DCM) (3.4) 

 

This relationship constitutes a practical tool which, based on TDDFT computations at ZORA-

LCY-BLYP/TZ2P in combination with the non-equilibrium COSMO bulk solvation model, 

predicts vertical excitation energies of an unknown cNDI with an accuracy of roughly ±0.04 eV, 

that is, within the "chemical accuracy" window of ±0.05 eV.[81]  

 

 
Table 3.3. Statistics and error analysis of Evert-abso(DCM) from linear fits of TDDFT data computed with various 
exchange-correlation functionals to experimental lmax values.[a] 

 GGA 

∆E*int 

GH 

∆E*strain(diene) 

RSH OT-
RSH Statistical 

Parameters 
OLYP BLYP B3LYP PBE0 LCY-

BLYP 
CAMY-
B3LYP 

LCY-
BLYP* 

R2 0.86 0.86 0.90 0.92 0.98 0.96 0.96 
MAD (eV) 0.09 0.08 0.07 0.07 0.04 0.04 0.05 

MD (eV) 0.00 –0.01 –0.02 0.00 0.00 –0.02 –0.01 
MAX (+) (eV) 0.09 0.09 0.07 0.07 0.06 0.04 0.05 

MAX (–) (eV) –0.35 –0.34 –0.29 –0.24 –0.07 –0.18 –0.16 
[a] Computed using the SLR equations displayed in Figure 3.2 [b] The positive and negative MAX refers to the 
maximum overestimation and underestimation of lmax, respectively. 

 
 

 

3.4 Conclusions 
We have explored and analyzed the performance of several exchange-correlation functionals in 

gas- and condensed-phase TDDFT computations regarding their capability to reproduce the 

experimental absorption energy maximum (λmax) of a set of ten core-substituted NDIs in DCM 

solution. The most accurate estimation of λmax was obtained for the GH functional PBE0, whereas 

RSH LCY-BLYP provides the most consistent systematic shift of excitation energy from λmax upon 
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introduction of various donor groups on the NDI core. Increasing the basis-set size from TZ2P to 

QZ4P has only a negligible effect on the computed excitation energies. Inclusion of non-

equilibrium COSMO bulk solvation is necessary to reproduce λmax accurately. 

 The PBE0 functional shows the smallest mean absolute deviation of 0.09 eV and a 

considerable reduction of the charge-transfer (CT) excitation error. However, the RSH functional 

CAMY-B3LYP reproduces the CT excitation most accurately due to a balanced description of the 

short- and long-range effects. The LCY-BLYP functional, on the other hand, exhibits the most 

uniform error distribution leading to an excellent correlation of 0.98 between the computed 

excitation energies and observed λmax values. The GGAs functionals significantly underestimate 

λmax and are apparently unable to describe the CT excitations accurately.  

 The excellent correlation of LCY-BLYP was leveraged to generate a calibrated variant 

based on a linear-fit that gave the lowest mean absolute deviation of 0.04 eV. Self-consistent tuning 

of the range-separation parameter of the LCY-BLYP functional gave only a minor improvement 

that does not merit the required significantly higher computational effort. 
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Appendices 
 

 
Appendix 3.1. Performance of basis set to reproduce experimental lmax values for the lowest dipole-
allowed vertical excitation energy, Evert-abso (in eV). 

Molecule TZ2P QZ4P 

1 2.57 2.58 
2 2.48 2.50 
3 2.39 2.39 
4 1.84 1.88 
5 2.14 2.14 
6 2.07 2.07 
7 1.84 1.84 
8 1.96 1.94 
9 1.91 1.91 
10 1.85 1.84 
R2  0.77 0.82 
MD (eV) –0.30 –0.31 
MAD (eV) 0.30  0.31 
MAX (+) (eV) - - 
MAX (–) (eV) –0.67 –0.63 

[a] Computed using ZORA-BLYP/TZ2P//ZORA-BP86/TZ2P in gas-
phase [b] The positive and negative MAX refers to the maximum 
overestimation and underestimation of lmax, respectively. 
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Appendix 3.2. Lowest dipole-allowed vertical excitation energies of compounds 1–10 in the gas-phase (Evert-abso, in 
eV) calculated with various XC functionals. The experimental lmax value is recorded in dichloromethane solvent.[a] 

  GGA GH RSH 

Molecule λmax BLYP OLYP B3LYP PBE0 LCY-
BLYP 

CAMY-
B3LYP 

1 3.04 2.57 2.62 2.97 3.07 3.74 3.29 
2 2.91 2.48 2.52 2.75 2.92 3.62 3.12 
3 2.66 2.39 2.42 2.76 2.83 3.31 2.97 
4 2.51 1.84 1.86 2.22 2.32 3.02 2.58 
5 2.33 2.14 2.17 2.50 2.58 3.12 2.75 
6 2.26 2.07 2.10 2.41 2.48 2.96 2.63 
7 2.20 1.84 1.87 2.16 2.27 2.85 2.40 
8 2.15 1.96 1.99 2.30 2.37 2.83 2.51 
9 2.06 1.91 1.93 2.23 2.29 2.78 2.45 
10 2.01 1.85 1.88 2.15 2.21 2.67 2.36 

[a] Computed using ZORA-TDDFT/TZ2P//ZORA-BP86/TZ2P. 
 

 
Appendix 3.3. Statistics and error analysis of various TDDFT functionals compared to experimental lmax values for 
the lowest dipole-allowed vertical excitation energy (Evert-abs, in eV) in gas-phase.[a] 

 GGA GH RSH 
Statistical 
Parameters OLYP BLYP B3LYP PBE0 LCY-BLYP CAMY-

B3LYP 
R2  0.78 0.78 0.80 0.85 0.96 0.91 
MD (eV) –0.28 –0.31 0.03 0.12 0.68 0.29 
MAD (eV) 0.28 0.31 0.14 0.16 0.68 0.29 
MAX (+) eV)[b] - - 0.17  0.25 0.79 0.42 
MAX (–) eV)[b] –0.65 –0.67 –0.29 –0.19 - - 
[a] Computed using ZORA-TDDFT/TZ2P//ZORA-BP86/TZ2P [b] The positive and negative MAX refers to 
the maximum overestimation and underestimation of lmax, respectively. 
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Appendix 3.4. Lowest dipole-allowed vertical excitation energies of compounds 1–10 in the condensed-phase (Evert-

abso(DCM), in eV) calculated with various XC functionals. The experimental lmax value is recorded in dichloromethane 
solvent.[a] 

  GGA GH RSH 

Molecule λmax OLYP BLYP B3LYP PBE0 LCY-
BLYP 

CAMY-
B3LYP 

1 3.04 2.55 2.49 2.87 2.97 3.61 3.16 
2 2.91 2.48 2.44 2.78 2.89 3.53 3.09 
3 2.66 2.29 2.26 2.61 2.70 3.14 2.82 
4 2.51 1.79 1.77 2.15 2.26 2.95 2.50 
5 2.33 2.01 1.98 2.33 2.41 2.94 2.57 
6 2.26 1.95 1.92 2.25 2.32 2.78 2.46 
7 2.20 1.80 1.77 2.07 2.14 2.74 2.31 
8 2.15 1.86 1.83 2.13 2.21 2.62 2.33 
9 2.06 1.77 1.75 2.06 2.12 2.58 2.27 
10 2.01 1.72 1.70 1.99 2.05 2.47 2.18 

[a] Computed using ZORA-TDDFT/TZ2P//ZORA-BP86/TZ2P. 
 

 

 

Appendix 3.5. Partitioning of the Coulomb operator as a function of the range separation parameter g at 
short-range (SR) and long-range (LR). See Eq. (3.1) in section 3.2. 
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Chapter 4: Rational Design of Near-

Infrared Absorbing Organic Dyes: 

Controlling the HOMO–LUMO Gap 

using Quantitative MO Theory  

 
This Chapter previously appeared as: 

A. K. Narsaria, J. Poater, C. Fonseca Guerra, A. W. Ehlers, K. Lammertsma  
and F. M. Bickelhaupt 

J. Comput. Chem. 2018, 39, 2690–2696. 
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4.1 Introduction 
Near-Infrared (NIR) absorbing organic dyes (650-950 nm) are highly sought after for application 

as an emitter in tissue imaging[1-2] and organic electronics,[3-6] and as a photosensitizer in organic 

photovoltaics.[7-9] Their tunability,[10-13] synthetically accessibility, and low toxicity14 gives them 

an advantage over alternate, inorganic materials.[15-19] However, advancing such organic dyes is 

hampered by complex molecular arrangements[20-22] and a large π-scaffold with poor excited state 

intramolecular charge transfer (ICT) nature.[23-24]  There are very few closed-shell neutral organic 

molecules that absorb effectively in the NIR range and simultaneously exhibit charge transfer 

excitation.[25-27] So far, there is neither a comprehensive rationale to predict the behavior of the 

dyes based on the constituents from which they are build. Of course, it is well-known that both 

extending the conjugation length[28] and introducing donor/acceptor push-pull effects[29-32] cause a 

red-shift of the absorption maxima, but how to tune them in tandem is still missing. Ab-initio 

methods can unravel the factors controlling orbital energies, overlaps, HOMO–LUMO gaps, and 

symmetries and thereby might provide insight into a possible causal relationship between the 

absorption properties and the dye’s tuning parameters.  

 

 

 
 

Scheme 4.1 D-π-A model systems (D = donor, π = spacer, A = acceptor). 
 

 

Here we present design principles for the rational construction of small dyes with S0–S1 

absorptions (E0(S1)) in the near-infrared. Our computational approach is based on a diverse series 

of modular models composed from simple donor (D), spacer (π), and acceptor (A) building blocks 

(Scheme 4.1). The absorption behavior, oscillator strength, and extent of excited state ICT for the 

Z Z Z’X Y

D1 : X = H π A1 : Y = H

Z Z’X Y

Z = C, Si

D2 : X = NH2 A2 : Y = CN
D3 : X = H π A3 : Y = H
D4 : X = NH2 A4 : Y = CN
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linear D-π-A frameworks are presented as are the underlying relationships between the electronic 

and structural changes of the building blocks by using acenes/heteroacenes (i.e., (sila)benzene and 

(sila)anthracene), their substituents (X: NH2 and Y: CN), and the D-π-A internal rotation as tuning 

parameters. A fragment-based analysis is used to evaluate how the tuning parameters of the 

separate building blocks transpire into the linear D-π-A molecule. From the obtained insights, we 

design a NIR absorbing organic dye as a proof-of-concept.  

 

 

4.2 Computational Details 
General Procedure 

All calculations have been performed using Amsterdam Density Functional (ADF) 2016 quantum 

chemistry package developed by SCM.[33-35] Electronic ground-state geometry optimizations have 

been performed at GGA BP86[36] in combination with the TZ2P Slater-type basis set, and a small 

frozen core (FC). Scalar-relativistic effects were accounted for by using the zeroth-order regular 

approximation (ZORA).[37] The effect of solvation in dichloromethane (DCM) was simulated 

using the conductor-like screening model (COSMO).[38] All model systems have fully planar 

equilibrium geometries which were verified to be true minima by performing analytical vibrational 

frequency analyses. D2-π(45º)-A2 and D2(Si)-π(45º)-A2 result from rigid rotation of D relative to 

A by 45°, starting from the planar equilibrium geometry. Kohn-Sham molecular orbital analyses 

have been performed at the same level of theory, except for the fact that no FC approximation was 

used (i.e., all electrons were included in the vibrational treatment). 

 

TD-DFT Computations 

Linear response time-dependent density functional theory (TD-DFT)[39-40] calculations have been 

performed using the long-range separated functional CAMY-B3LYP[41] in combination with the 

TZ2P basis set, no FC, with ZORA scalar-relativistic effect and with and without non-equilibrium 

COSMO(DCM) to simulate the DCM solvent environment. For molecules showing excitations 

with a charge-transfer nature, long-range separated functionals exhibit the correct asymptotic 

nature and thus can successfully predict excitation energies.[42-43] In addition, extensive 

benchmarks have been performed earlier by the groups of Tozer and Kronik where they 
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highlighted the ability of the range-separated functional CAM-B3LYP to accurately predict 

various types of excitations in organic dye molecules, in particular, charge transfer excitation.[44-

45] Important for these calculations is also the g parameter, which depends on the length of 

conjugation,[46-48] and might thus have an effect on the models that vary from (sila)benzene to 

(sila)anthracene. However, the self-consistently tuned g parameter, which we obtained using the 

long-range corrected LC-BLYP functional following the procedure mentioned in ref. 63, gave for 

D4(Si)-π-A4 in DCM virtually the same E0(S1) of 1.42 eV as the 1.41 eV at CAMY-B3LYP. It 

was therefore decided to use CAMY-B3LYP as an adequate XC functional for estimating the ICT 

excitations of the model dyes. 

 

 

4.3 Results and Discussion 
Size of Aromatic Core 

The results, summarized in Table 4.1 and visualized in Figures 4.1-4.5, will be analyzed first in 

terms of the contributions of each of the D, π, and A components upon which a projection is made 

how to achieve an absorption for the D-π-A model into the NIR. The absorption maximum of the 

D-π-A model is associated with the excitation from the occupied fi to the unoccupied fa orbital 

and thus their energy difference ea – ei. The orbital energy gap, which we aim to understand and 

tune, shows an excellent correlation with the far more accurate excitation energies calculated at 

linear response TD-DFT in which it is also the leading term (see Figure 4.1). The reason for this 

behavior is that all S0–S1 excitations are predominantly single-electron HOMO–LUMO transitions 

(see orbital composition of E0(S1) in Table 4.1). To address the influence of the building blocks 

on this energy gap (DEH-L) of the D-π-A molecules, we evaluate the HOMO–LUMO energy 

differences of the fragments which compose them, denoted as DEfragH-L. All fragments featuring in 

our analyses (A, π, D but also X, Y, Z; see Scheme 4.1) are radical species with valence electronic 

configurations that lead to either doublet, triplet or quartet states for mono-, bi- and triradicals, 

respectively. Increasing the size of the core and thus the conjugation length leads to an expected 

decrease in the DEfragH-L (Figure 4.3a). Specifically, changing from benzene (D1/A1) to anthracene 

(D3/A3) causes a reduction of DEfragH-L from 5.11 to 2.33 eV. 
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Figure 4.1. Correlation between HOMO–LUMO gap (DEH-L) of the D-π-A molecule and the lowest singlet excitation 
energy (E0(S1)), computed at CAMY-B3LYP/TZ2P//BP86/TZ2P. 
 

 

X and Y Substituents at D and A Groups 

Introducing a π-donating NH2 (X in Scheme 4.1) substituent on the benzene ring (D2) increases 

its HOMO energy (C6H4π,HOMO), whereas a π-accepting CN (Y in Scheme 4.1) substituent (A2) 

lowers its LUMO energy (C6H4π*,LUMO), resulting in both cases in a decrease of DEfragH-L (Figure 

4.3b) in qualitative agreement with recent studies.[49-50] The HOMO arises from the antibonding 

combination of the occupied D1π,HOMO and NH2π,HOMO fragment orbitals, whereas the LUMO 

originates from the bonding combination of the unoccupied A1π*,LUMO and CNπ*, LUMO fragment 

orbitals. Therefore, increasing the overlap between the non-orthogonal FMOs destabilizes the 

HOMO and stabilizes the LUMO as in D2 and A2, respectively. For example, the NH2 group 

reduces DEfragH-L for benzene by 1.4 eV and the CN group causes a reduction by 0.7 eV. This 

reduction in the energy gap is mediated by the high-lying lone-pair orbital NH2π,HOMO and the low-

lying CNπ*,LUMO along with the favorable orbital overlap of the π FMOs belonging to the in-plane 

substituent with the π FMOs of the aromatic rings. A further decrease results on adding the 

acetylenic (π) spacer due to extended π-conjugation facilitated by the coplanarity of its π and π* 

orbitals with the phenyl rings of the D and A groups. For example, such para-substitution of aniline 

causes a reduction of DEfragH-L from 3.72 to 3.27 eV. The origin for this effect lies in the relatively 

low lying ππ*,LUMO of the acetylenic unit (e = –1.78 eV) which admixes in a bonding fashion with 
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the higher-lying NH2π*,LUMO of the aniline fragment (e = –0.88 eV). Experimental studies on the 

effects of substituting X/Y on diphenylacetylene (c.f., D1-π-A1), which exhibits a large 

fluorescence quantum yield (FF = 0.50) at low temperature implying good emission properties as 

well,51 have also shown that increasing the donor–acceptor strength causes an increase in the 

absorption wavelength maximum and hyperpolarizability.[51-55]  

 

Heteroatom Substitution in Aromatic Core 

Another strategy is to introduce a heteroatom into the π-conjugated core, for which we choose 

silicon (Z in Scheme 4.1) as sila-aromatics have been shown to be realistic synthetic targets.[56-62] 

Our analyses reveal two electronic mechanisms at work that are responsible for the decrease of 

DEfragH-L upon introducing Si into the benzene core (Figure 4.3c). (i) The large, diffuse character 

of Si 3p orbitals leads to less effective ⟨3p|2p⟩	atomic orbital overlap (0.36 and 0.32 in case of C–

C and Si–C overlap, respectively), which is reciprocated in the reduction of energy between the 

in-phase (HOMO) and out-of-phase (LUMO) molecular orbitals. (ii) The large effective size of Si 

causes a deformation of the conjugated ring, which destabilizes the C5H5π,SOMO because this FMO 

has bonding character with the terminal C atoms. This, in turn, raises the HOMO of the resulting 

six-membered aromatic core as a result of the bonding combination of the moderately higher 

SOMO energies of both C5H5π,SOMO and the silicon 3pπ,SOMO of the SiH fragment in silabenzene.  

These findings already explain the trends reported in earlier work.[63-65] But there is more. For 

example, the amplitude of the HOMO and LUMO at the more electropositive Si in the 1-silaphenyl 

fragment (D(Si)) appears to be larger than at the corresponding C atom in the phenyl donor 

fragment D. This means that 1-silaphenyl donor fragments have a favorable overlap with the π 

FMOs of the acceptor, π-A (vide infra, see Figure 4.2).  
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Figure 4.2. Schematic diagram of the overlap pattern between the π-HOMO and π-LUMO FMOs of a) D1-π and b) 
D1(Si)-π.  
 

 

To probe the generality of our model, we explored potential dyes involving yet other hetero-

substituted (E) π-conjugated cores (at Z, Z’ positions in Scheme 4.1) that should lower the 

acceptor's LUMO and raise the donor's HOMO to provide the desired red shift. Indeed, introducing 

germanium (D1(Ge)-π-A1) in the donor and phosphorus (D1-π-A1(P)) in the acceptor leads to a 

smaller E0(S1) as compared to the parent. Our (D1(E)-π-A1) model thus predicts smaller HOMO–

LUMO gaps and correspondingly a larger red shift on moving (E) from C- to Si/ Ge- to Sn-

containing acenes (see Table 4.1). A similar although not identical effect is achieved upon 

introducing nitrogen (D1-π-A1(N)) in the acceptor. Note, however, that phosphorus is more 

similar to silicon than nitrogen in the sense that phosphorus substitution lowers the LUMO energy 

without sacrificing the HOMO energy, while nitrogen substitution lowers both HOMO and LUMO 

energies (see Table 4.1). As a result, the efficacy in lowering the HOMO–LUMO gap increases 

along N, P and Si. 

1.39 Å

1.39 Å 1.75 Å

1.75 Å

a) b)

π-HOMO FMOs π-HOMO FMOs

π-LUMO FMOs π-LUMO FMOs

Si
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Figure 4.3. Schematic π orbital-interaction diagrams (s electron-pair bonding is not shown for clarity) based on 
quantitative KS-MO analysis highlighting the effect on the HOMO–LUMO gap of: a) increasing the π-conjugated 
core size; b) substituents X and Y; c) C- or Si-substitution in the core; and d) internal rotation. Open thick arrows 
indicate the stabilization or destabilization of MOs relative to parent FMOs (a, b, d) or of silabenzene (F)MOs relative 
to benzene (F)MOs (c). 
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Relationship between the Tuning Parameters 

The next step is to verify whether the outlined tuning principles work in an additive manner and 

whether there actually exists a causal relationship between DEfragH-L and DEH-L. In other words, if 

the HOMO–LUMO gap is reduced for each of the functional fragments (D, π, A), does this also 

lead to maximum reduction of the HOMO-LUMO gap of the overall D-π-A molecule (DEH-L, 

Table 4.1). The answer is affirmative.  

 The targeted minimization of the HOMO–LUMO gap of the overall system is achieved on 

maximizing the <Dπ,HOMO|Aπ,HOMO> and <Dπ*,LUMO|Aπ*,LUMO> overlaps. For the (sila)phenyl 

containing model systems the lowest DEH-L with effective ICT excitation was found for planar 

D2(Si)-π-A2, which is red-shifted by a sizeable DE0(S1) of 1.4 eV from D1-π-A1. All the tuning 

factors work in tandem to minimize the HOMO–LUMO gap. (i) D2(Si) in D2(Si)-π-A2 has the 

highest-energy Dπ,HOMO among all the analyzed donor fragments, while the amine substituent and 

silabenzene also enable a relatively low Dπ*,LUMO that is well set up to interact with the lower-

energy π-Aπ*,LUMO. (ii) For D2-π-A2 and D2(Si)-π-A2 the <Dπ,HOMO|π-Aπ,HOMO> and <Dπ*,LUMO|π-

Aπ*,LUMO> overlaps (both 0.08) are equal to or slightly larger than for their all-carbon analogue 

(0.08 and 0.12, respectively) due to the higher amplitude of D(Si)π,HOMO/LUMO on Si, which 

compensates for the larger inter-fragment distance of 1.75 Å in D2(Si)---π-A2 versus 1.39 Å in 

D2---π-A2 (vide supra). (iii) The spatial distribution of the HOMO and LUMO is localized more 

on D and A, respectively, for D2(Si)-π-A2 than for D1-π-A1, leading to a more pronounced ICT 

excitation of E0(S1). Substitution (Z) in the acceptor (D2-π-(Si)A2) leads to an increase of E0(S1) 

along with a skewed ICT as the HOMO and LUMO amplitudes are both localized on the acceptor. 

Therefore, heteroatom substitution of C for Si in the acceptor will have little or no effect.  

All D-π-A models have planar equilibrium geometries at variance with the twisted nature of 

biphenyl (D1-A1 in our nomenclature).[66] However, internal rotation of D relative to A has a rigid 

rotational barrier of only 1.8 kcal mol–1 for D2(Si)-π-A2. Hence, structurally more confining 

scaffolds or environment effects might readily lead to twisted geometries. Such a low rotational 

barrier is a direct consequence of having acetylene as the π-bridge. Rotating the torsional angle of 

D2(Si)-π-A2 from planarity (0°) to twisted (45°) occurs at an energetic penalty of a mere 1.3 kcal 

mol–1 and reduces the π–π overlap from 0.08 to 0.06 for <Dπ,HOMO|π-Aπ,HOMO> (see Figure 4.4). It 

causes (i) a slight increase in E0(S1) of 0.1 eV (see Figure 4.3d) and (ii) reduced delocalization of 

the frontier orbitals to give enhanced ICT excitation. Thus, increased torsion is beneficial for 
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enhancing ICT at the expense of the blue-shifted E0(S1).  

 

 

 
 
Figure 4.4. Schematic diagram of the overlap between π-FMOs in non-planar D-π-A configurations. 
 

 

Design of NIR Dye for harvesting Solar Energy 

With the aim to push the absorption of our model into the NIR region we increased the π-

conjugated core from benzene to anthracene units. Spectra from time-resolved fluorescence 

experiments on 1,2-Bis(9-anthryl)acetylene show a broad, CT-like band in polar or semi-polar 

solvents.[67] This suggests a large change in dipole moment upon excitation which we felt would 

be magnified by introducing appropriate X- and Y-substituents on and/or including a heteroatom 

in the aromatic moieties.  

 Whereas D2-π-A2 has an absorption energy E0(S1) of 3.6 eV (344 nm), it drops to 2.3 eV 

(539 nm) for D4-π-A4 (see Table 4.1). Si substitution reduces E0(S1) further to 1.6 eV (775 nm) 

for D4(Si)-π-A4, which is our best model dye with a strong NIR absorption (see Figure 4.5). In 

contrast to the all-carbon case, the absorption spectrum of D4(Si)-π-A4 exhibits peaks in the Vis 

region due to local excitations on the anthracene unit, implying absorption over a wider range of 

the solar spectrum (see Figure 4.5). Solvation may move the main absorption peak even further 

into the NIR domain as it would stabilize the charge-separation that occurs upon excitation. This 

was corroborated by COSMO solvent calculations on all model systems, among which D4(Si)-π-

A4 showed a large red shift of 104 nm in DCM as well as a strong ICT excitation (see Table 4.1 

and Figure A1.1). This proof-of-concept of harnessing the NIR photons of the sunlight was 

extended to a more diverse series of heteroatoms (E = N, P, Ge, Sn) in the polyacene (lower four 

entries in Table 4.1). As expected from our analysis of heteroatom substitution, the E0(S1)	
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Figure 4.5. UV/Vis Absorption spectra of two model dyes in DCM solution, computed at COSMO-CAMY-
B3LYP/TZ2P and overlaid on the measured solar irradiance spectrum above atmosphere.[68] 

 

 

decreases systematically as we move (E) from C- to Si/Ge- to Sn- substituted anthracene in D4(E)-

π-A4. The most pronounced NIR absorption along this series is, as our model predicts, for D4(Sn)-

π-A4 with an absorption maximum at 963 nm! 

 

	

4.4 Conclusions 
We have quantum-chemically developed an approach for rationally designing organic D-π-A dye 

molecules with a particular HOMO–LUMO or, more precisely, optical gap. Our approach is based 

on a modular scheme, in which simple donor (D), spacer (π), and acceptor (A) building blocks of 

an appropriate electronic nature can be combined. Our approach yields a toolbox of design 

principles that are based on a physical insight into the causal relationships between the MO 

electronic structure of the functional building blocks and the resulting optical spectrum of the 

overall dye molecule. Thus, qualitative rational design and quantitative prediction can be achieved 

consistently within one approach based on Kohn-Sham MO theory in conjunction with TD-DFT. 
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The tuning parameters comprise of: (i) the size of the donor (D) and/or acceptor (A) 

aromatic cores (i.e., benzene and anthracene); (ii) their π-electron pushing and accepting 

substituents; (iii) hetero-atom substitution in the aromatic core; and (iv) the D-π-A internal 

rotation. We find that the HOMO–LUMO gap of an overall D-π-A dye molecule inherits the tuning 

parameters' effects on the electronic properties of the fragments in a more or less additive manner. 

This implies that one can design organic dyes by first optimizing the individual functional building 

blocks and then combine them for amplification to predictable absorption maxima.  

The understanding gained can be applied to various other kind of model systems to predict 

a priori the absorption maximum in those dye molecules. The NH2-Ant(Si)-CºC-Ant-CN 

molecule serves as a proof-of-concept. This model system has a computed near-infrared absorption 

at 879 nm and exhibits strong excited-state intramolecular charge transfer nature, which is 

desirable for solar energy capture and conversion. 
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Appendices 

	

 

 

Appendix 4.1. MO density pictures highlighting the spatial separation of frontier MOs (isovalue = 0.03). 
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Chapter 5: Dual Activation of 

Aromatic Diels-Alder Reactions 

 
This Chapter previously appeared as: 

 

A. K. Narsaria, T. A. Hamlin, K. Lammertsma and F. M. Bickelhaupt 

Chem. Eur. J. 2019, 25, 9902–9912. 
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5.1 Introduction 
The [4+2] Diels-Alder cycloaddition of benzene is either exceptionally slow or forbidden owing 

to its aromatic nature.[1,2] Harsh reaction conditions, Lewis-acidic catalysts such as AlCl3, or highly 

reactive dienophiles such as dicyanoacetylene, perfluoro-2-butyne, or tetrafluorobenzyne are 

required to enable reactions with benzene (Scheme 5.1a).[1,2] In contrast, the strained arene-like 

paracyclophanes exhibit a remarkable enhancement of reactivity (see Scheme 5.1b).[2] This 

enhanced reactivity of cyclophanes was originally proposed to arise from the localized 

cyclohexatriene nature of the π-conjugated core.[3] Sola and coworkers found a decrease in 

aromaticity in bent benzene rings compared to planar benzene by evaluating the NICS parameter.[4] 

Later, the enhanced reactivity was ascribed primarily to the concomitant release of strain in the 

transition state (TS).[5] A revealing example that pitches the difference in reactivities between 

benzene and [5]metacyclophane[6] is the transfer of the carbene-like phosphinidene PhPW(CO)5 

from a phosphanorbornadiene to the strained hydrocarbon by [4+1]-cycloaddition (Scheme 

5.1c).[7] Removal of the transition metal group reduces the stability of the product, which 

undergoes then a cheletropic elimination to regenerate [5]metacyclophane.[8]  

Early semi-empirical MNDO and Xa calculations attributed the reduced HOMO–LUMO 

gap (H–L gap from hereon) in cyclophanes to the distortion of the π framework.[9] A recent high-

level DFT analysis by Fernández and coworkers on (2,7)pyrenophanes identified a reduced 

activation strain as the main reason for its enhanced Diels-Alder cycloaddition reactivity over that 

of the parent planar pyrene molecule,[10] whereas both the diminished strain in the product and the 

increased interaction of the arene’s HOMO–1 with the phosphinidene’s LUMO were considered 

to be the main factors for the [4+1] cycloaddition to [5]metacyclophane.[7] Very recently, orbital 

interactions, and not activation strain, were proposed as the primary channel controlling the 

reactivity of Diels-Alder cycloadditions with strained cycloalkenes.[11] Moreover, UV/Vis 

measurements conducted on [n]paracyclophanes indicated red-shifted absorption maxima upon a 

decrease in the bridge length, which was ascribed to the decrease of the H–L gap.[12] This suggests 

that modulating the arene’s H–L gap by structural distortion influences its reactivity. Hence, a 

mechanism other than pre-distortion may govern the reactivity for Diels-Alder cycloaddition with 

bent benzene molecules. To confirm this hypotheses and to determine the factors controlling the 

Diels-Alder reactivity of cyclophanes, we undertook a comprehensive quantum-chemical study of 
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the Diels-Alder cycloaddition of benzene (B) and its strained analogs, [5]paracyclophane (P)[13] 

and [5]metacyclophane (M)[6] with acetylene (A). Acetylene was chosen as the dienophile in the 

investigated Diels-Alder reactions for the sake of simplicity, as it represents the archetypal 

dienophile reactant. In line with expectation, the activation barrier for the reactions with the 

dicyano substituted acetylene is about 10 kcal mol–1 less than for the parent acetylene and trends 

in reactivity are the same. 

 

 

 
 
Scheme 5.1. Diels-Alder cycloadditions of (a) benzene[2a] and (b) pre-distorted [2.2]paracyclophane[2a] with 
dicyanoacetylene; and (c) [1+4] cycloaddition of [5]metacyclophane and a phosphinidene complex.[7] 
 

 

5.2 Computational details 
Kohn-Sham density functional theory (DFT) calculations were performed with the ADF.2017.208 

program.[14] The GGA density functional BLYP[15] with finite damping introduced by Becke and 

Johnson (BJ), BLYP-D3(BJ),[16] were used for the geometry optimizations of all stationary states 

as well as for the reaction coordinate using the activation strain model (ASM)[17] and energy 

decomposition analysis (EDA).[18] As demonstrated by Grimme, BJ-damping shows improvement 

over DFT-D3 in calculating barrier heights and reaction energies.[16] Specifically, BJ-damping 

outperforms other DFT functionals in terms of more accurate treatment of the non-covalent and 

π–π interactions leading to both more accurate cyclophanes geometries and more accurate reaction 

barrier heights.[16,19] 
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 All calculations were performed with the all-electron TZ2P basis set which is of triple-z 

quality combined with two sets of polarization functions for all the atoms.[20] The accuracy of the 

integration grid (Becke grid)[21] and fit scheme (Zlm fit)[22] were set to VERYGOOD. The energies 

reported herein are all for isolated molecules. Analytical frequency[23] calculations were performed 

to characterize the nature of the stationary points. The reactants and the cycloadducts present real 

frequencies indicating their position on the potential energy surface (PES) as local minima while 

the transition state (TS) show one imaginary frequency. The character of the eigenvector 

corresponding to the imaginary frequency was analyzed to ensure it is associated with the reaction 

under consideration. The PES of the reaction was obtained by performing intrinsic reaction 

coordinate (IRC) calculations.[24] All of the reported energies are electronic energies without any 

zero-point energy correction. Furthermore, the computed reactivity trends are unchanged when 

considering either the Gibbs free or electronic energies. 

 

Activation Strain Model	

The activation strain model (ASM), also known as the distortion/interaction model,[25] is a 

fragment-based approach which essentially describes the height of the reaction barrier in terms of 

the reactants involved along the reaction coordinate ζ.[17] This approach has been paramount for 

the current understanding of different fundamental transformations in organic and organometallic 

chemistry.[26] In this model, the PES ΔE(ζ) is decomposed along ζ into two energy components: 

the strain ΔEstrain(ζ) associated with deforming the reactants from their equilibrium structures and 

the interaction ΔEint(ζ) between these distorted reactants along ζ. The activation barrier arises due 

to an intricate interplay between ΔEstrain(ζ) and ΔEint(ζ) [Eq(1)].	

 
ΔE(ζ) = ΔEstrain(ζ) + ΔEint(ζ)  (5.1) 

 
ΔEstrain(ζ) is determined by the flexibility of the reactants and the extent to which the latter must 

reorganize to partake in the reaction while ΔEint(ζ) is determined by the electronic structure and 

the spatial arrangement of the reactants. The strain and interaction energy terms are highly 

dependent on the position of the transition state (TS) on the reaction coordinate ζ. Therefore, we 

define ζ as the projection of the intrinsic reaction coordinate onto the shorter C···C bond-forming 
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distance, as this geometrical parameter is critically involved in the reaction and undergoes a well-

defined change during the reaction.[27] 

 

Energy decomposition analysis 

ΔEint(ζ) is further analyzed in terms of quantitative molecular orbital theory as contained in Kohn-

Sham DFT in combination with a canonical energy decomposition analysis (EDA).[18] The EDA 

decomposes ΔEint(ζ) into the following physically meaningful energy terms in Eq. (5.2): 

 
ΔEint(ζ) = ΔVelstat(ζ) + ΔEPauli(ζ) + ΔEoi(ζ) + ΔEdisp(ζ)  (5.2) 

 
ΔVelstat(ζ) represents the quasiclassical electrostatic interactions between the unperturbed charge 

distributions of the distorted reactants. The Pauli repulsion ΔEPauli(ζ) emerges due to repulsive 

exchange interactions between the occupied closed-shell orbitals. The orbital interactions ΔEoi(ζ) 

comprise stabilizing interactions like electron-pair bonding, charge transfer between occupied and 

unoccupied molecular orbital, as well as polarization (empty–occupied orbital mixing on one 

fragment due to the presence of another fragment). Lastly, ΔEdisp(ζ) accounts for the dispersion 

forces originating from non-covalent interactions or weak interactions. 

 

 

5.3 Results and Discussion 
The optimized geometries of the ground-state reactants are shown in Figure 5.1. The cyclophanes 

are formed by the addition of a short five-membered oligomethylene bridge to benzene (B) at the 

para and meta positions. The oligomethylene bridge induces several geometrical distortions in the 

cyclophanes. The most prominent is the out-of-plane bending of the aromatic core (α and g) into a 

symmetrical [5]paracyclophane (P) and an asymmetrical [5]metacyclophane (M) boat-like 

configuration (Figure 1a). Additionally, there is distortion in the benzylic carbon-carbon bonds of 

the bridge relative to the aromatic core depicted as β. 

We begin by analyzing the Diels-Alder reactivity of B, P, and M with A. The reactions of 

B and P proceed via concerted synchronous transition states, while that of M is concerted 

asynchronous (Figure 5.2). The Diels-Alder cycloaddition reactions of the cyclophanes proceed 

earlier compared to benzene. The late transition state in B is associated with the highest activation 
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energy (37.2 kcal mol–1), while the earlier TS for cyclophanes P (23.6 kcal mol–1) and M (16.7 

kcal mol–1) proceed with markedly lower barriers, which is consistent with the Hammond- Leffler 

postulate.[28] The activation energy is reduced by up to ca. 20 kcal mol–1 and the total reaction 

energy (ΔErxn) changes from being endothermic (6.9 kcal mol–1) to highly exothermic (ca. –28 

kcal mol–1) when moving from B to the cyclophanes. 

 

 

 
 
Figure 5.1. (a) Illustration with atom numbering, where red bolded numbers indicate the bond-forming C atoms that 
react with acetylene, and structural parameters: out-of-plane bending of the aromatic core (α and g) and bending of 
the bridge with respect to the core (β); and (b) ground state equilibrium geometries of the dienes, computed at BLYP-
D3(BJ)/TZ2P. 
 

 

The physical factors governing the reactivity of B, P, and M toward acetylene A are 

analyzed quantitatively and are represented graphically in Figure 5.3 using ASM and EDA. Figure 

5.3b reveals that the enhanced Diels-Alder cycloaddition reactivity for M results from a significant 

decrease in strain energy, ΔEstrain, while the ΔEint is comparable to B. Decomposing ΔEstrain into the 

strain energy components of the two reactants (M and A) ΔEstrain(diene) and ΔEstrain(dienophile) reveals 

that the much lower strain originates largely from the reduced strain contribution of M (Figure 

5.3c). 



Capturing Lost Photons 
 
 

	 69	

 
 
Figure 5.2. Transition state structures with forming bond lengths (in Å), computed activation energy barrier (∆E‡, 
blue, in kcal mol–1), relative rate constant (krel, black), and total reaction energy (∆Erxn, red, in kcal mol–1) for the Diels-
Alder cycloaddition reactions of B, P, and M with A, computed at BLYP-D3(BJ)/TZ2P. 
 

 

The reason for this behavior is that the cyclophane bridge connecting the meta positions (i.e., C1 

and C3, see Figure 5.1a for atom numbering) pulls the two sides of the aromatic core (i.e., C1–C6 

and C3–C4) towards each other (see bottom panel of Figure 5.1a). As a consequence, the bond-

forming carbon centers C2 and C5 are forced out of the aromatic plane into a boat conformation 

and thereby facilitating formation of new C–C bonds with the incoming A. Hence, the equilibrium 

geometry of M resembles more the TS geometry than B, which is not subject to such pre-distortion. 

The aromatic core of P is, of course, also pre-distorted, but unlike M not with respect to the bond-

forming carbon centers (i.e., C1 and C4), resulting in a ΔEstrain similar to that of B. 

 To quantify the contribution of strain towards the Diels-Alder barrier heights of B, P, and 

M, we have analyzed the energy terms at a consistent TS-like geometry because the magnitude of 

the strain and the interaction energy terms is highly dependent on the position of the TS on the 

ζ.[16, 27] Therefore, to ensure an equitable comparison of energies, we analyze the geometries where 

the shorter of the two C···C bond-forming lengths is 2.15 Å. Hereafter, this position on the reaction 

coordinate is denoted as ζ* and the corresponding energy terms are denoted as ∆E*. The structures 

and energies at ζ* are similar to the actual TSs and the trend in energies mirrors the trend at the 

real TS (see Figure 5.2 and Table 5.1).  
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Figure 5.3. (a) Model reactions of A with B (black), P (red) and M (blue); (b) Activation strain analyses; (c) strain 
decomposition; and (d) energy decomposition analyses of the Diels-Alder cycloaddition reactions, computed at 
BLYP-D3(BJ)/TZ2P (TS position marked by a diamond) and projected onto the shorter of the two C···C bond-forming 
lengths (Å). 
 

 

Smaller changes in α and g over the course of the Diels-Alder reaction results in less 

destabilizing ∆Estrain(diene). From Figure 4 it can be observed that in order to react with A, M must 

be distorted least from its equilibrium geometry (∆α = 17º and ∆g = 19º), then P (∆α = ∆g = 22º) 

and then finally B (∆α = ∆g = 31º). Therefore, at ζ*, the ∆E*strain(diene) of M is 14.1 kcal mol–1, which 

is ca. 11.6 kcal mol–1 less than those of both B and P (see Table 5.1). As already noted, the 

geometry for M shows the smallest change due to its favorable pre-distortion. The substantially 

lower ∆E*strain of M as compared to B and P also originates from the lower ∆E*strain(dienophile) at ζ* 

(Figure 5.3b, Table 5.1). This effect was traced to the relatively small distortion of A in the Diels-

Alder cycloaddition, which is related to the asynchronous nature of its TS. The asynchronicity 
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stems from the interaction of the two nonidentical (different local environment) carbon atoms C2 

and C5 in M, which causes the new C–C bonds to form at different rates. This behavior is evident 

from the different C2–C1–H and C1–C2–H bond angles of A in the z* of M–A (see Figure 5.4a 

for atom numbering) of 153º and 160º, respectively. These distortions are, however, much larger  

 

 
Table 5.1. Activation strain analysis (in kcal mol–1) computed at ζ* using BLYP-D3(BJ)/TZ2P. 

Compound ∆E* ∆E*int ∆E*strain ∆E*strain(diene) ∆E*strain(dienophile) 

B 36.3  –6.9 43.2 27.9 15.3 
P 21.9 –19.8 41.7 25.4 16.3 
M 16.6 –8.2 24.8 13.8 11.0 

 

 

 
 
Figure 5.4. (a) Equilibrium structure of A along with the atom numbering (bond length in Å) and (b) structures of B–
A, P–A and M–A denoting the change in structural parameters (bond length in Å), computed at ζ* using BLYP-
D3(BJ)/TZ2P. 
 

 

(~150º) for B–A and P–A, compared to the linear acetylene equilibrium geometry. Previously, it 

was concluded that concomitant release of strain in the diene drives the Diels-Alder cycloaddition 

reaction of M,[29] but instead it appears that its enhanced reactivity results from a reduced buildup 

of strain along the reaction coordinate in both the diene and dienophile. 
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Figure 5.5. Schematic MO interaction diagram based on quantitative KS-MO analyses of normal and inverse electron-
demand orbital-energy gap and overlap in the Diels-Alder cycloaddition reactions of A with B (black), P (red) and M 
(blue), computed at ζ* using BLYP-D3(BJ)/TZ2P. The illustrated MOs are representative of the electronic structure 
of the reactants at ζ*. 

 

 

The enhanced reactivity of para-bridged P compared to B originates from the difference in 

their stabilizing ∆Eint component (Figure 5.3b). EDA analysis shows this to arise mainly from the 

different contributions of the orbital interactions term (∆∆Eoi = ~9 kcal mol–1; Figure 5.3d; see 

Appendix 5.1 for analysis at z*). A comprehensive Kohn-Sham molecular orbital (KS-MO) 

analysis[18] reveals the more stabilizing ∆E*oi for P to arise primarily from a stronger inverse 

electron-demand interaction from HOMOA to LUMOP (Figure 5.5). The P–A donor–acceptor 

orbital-energy gap of 4.4 eV as well as the bond overlap of 0.24 are more favorable for P than for 

B (orbital-energy gap = 4.9 eV, S = 0.23). Importantly, both normal and inverse orbital interactions 

are more stabilizing for P than for B due to smaller orbital-energy gaps but the former contributes 

to a lesser degree due to a poor bond overlap of HOMOP/HOMO-1P (both orbitals participate in  
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Figure 5.6. Orbital-energy gap analysis along the reaction coordinate (black: B–A, red: P–A, blue: M–A), computed 
at BLYP-D3(BJ)/TZ2P. Diamonds represent the position of the TS. 

 

 

normal electron-demand interaction) with LUMOA. The poor overlap results from a small 

amplitude of the occupied frontier orbitals at the bond-forming carbon centers (see Figure 5.5). 

Thus, both normal and inverse-electron demand orbital interaction in P–A is driven by the decrease 

in orbital-energy gaps. 

Of the three Diels-Alder cycloadditions, the orbital-energy gap is the smallest and thus 

most favorable along the P–A reaction coordinate (Figure 5.6). The origin for this behavior is the 

smaller H–L gap within the diene P (3.2 eV at its equilibrium geometry) compared to that within 

B (5.0 eV at its equilibrium geometry). Such a small H–L gap is caused by structural distortion 

imparted by the short para-bridge that manifests itself in a large out-of-plane bending of the 

aromatic core (α ~ 23º) and the related bending of the bridge (β ~ 30º) at the equilibrium geometry. 

To understand how these geometrical distortions contribute to a markedly lower H–L gap, we 

performed a comprehensive quantitative KS-MO analysis. 

Out-of-plane distortion (a) of the planar aromatic core causes the destabilization and 

stabilization of π-HOMO and π*-LUMO, respectively (Figure 5.7a and Appendix 5.4). The 

antibonding π-HOMO is destabilized due to an increase in π-π overlap (Sπ-π) between the pπ  
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Figure 5.7. (a) Schematic π-fragment-orbital interaction diagram between two equivalent allylic fragments depicting 
the lowering of H–L gap upon out-of-plane distortion (α) relative to flat benzene (in grey). The factors which change 
the H-L gap are: (b) the increase in overlap (Sπ-π) between allylic π-HOMOs, (c) the electrostatic stabilization of the 
allylic π*-LUMOs (ψ� and ψ�  denote the π*-LUMO belonging to fragment A and B, respectively), and (d) the 
decrease in overlap (S’π-π) between allylic π*-LUMOs with the red dotted lines indicating out-of-phase overlap 
between the diffuse pπ orbitals. 
 

 

amplitudes of the π-HOMO fragment orbitals of the equivalent allylic C3H3 tri-radical fragments 

forming the overall benzene molecule (Figure 5.7b and Appendix 5.2). The π*-LUMO is stabilized 

due to the attractive Coulombic (electrostatic) interaction stemming from the increase in overlap 

of the π*-LUMO fragment orbital of one allylic C3H3 tri-radical fragment with the nuclei of the 

other and vice-versa (Figure 5.7c).[18] This overlap increases as the spatial proximity between the 

allylic fragments decreases. As a result, the isolated allylic π*-LUMO are stabilized, which in turn 

stabilizes the overall bonding π*-LUMO of benzene (see Figure 5.7a). Contrary to intuition, there 

is a decrease in π*–π* overlap (S’π-π) upon bending (Appendix 5.2). This is caused by the 

cancellation of overlap upon out-of-phase mixing of the diffuse pπ amplitude of the π*-LUMO on 

the terminal C atom of one fragment and the front C atom of the other (Figure 5.7d). Thus, the H–

L energy gap within B decreases upon out-of-plane distortion by (i) increased π–π overlap that 

destabilizes the HOMO, and (ii) enhanced electrostatic stabilization that stabilizes the LUMO 
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despite an unanticipated reduction in π*+π* overlap (see Appendix 5.4). Furthermore, an increase 

in the bending of the benzylic C–C bond β (see Figure 5.1a) results in mixing of the s and π 

fragment orbitals of the ring substituents and the aromatic core, respectively, thereby enhancing 

both the destabilization of the antibonding π-HOMO and the stabilization of the bonding π*-

LUMO and thus contributing to lowering the H–L gap even further (Figure 5.8). The outlined 

relationship between structural distortion (geometrical strain) and the H–L gap provides new light 

on the findings of Hopf and coworkers, who attributed the enhanced reactivity of 

[n]paracyclophanes over B solely to the sterically strained geometries.[30] 

 

 

 
 

Figure 5.8. Schematic overview of the effect of bending of substituted aromatic carbon (angle β in red) on the (a) in-
phase (S’s-π, π*-LUMO) and; (b) out-of-phase (Ss-π, π-HOMO) overlap of the s and π fragment orbitals of the 
substituent and the aromatic core, respectively. The –(CH2)5-bridge of P has been simplified by replacing it with two 
blue colored H atoms. 
 

 

Thus, structural distortion reduces the H–L energy gap within P and accelerates its Diels-

Alder cycloaddition because of the enhanced P–A orbital interaction as reflected in ∆Eoi (red 

curves in Figure 5.6). M exhibits a smaller M–A orbital-energy gap than the parent system B–A 

at the start of the cycloaddition (blue and black curve, respectively, in Figure 5.6). However, the 

orbital-energy gaps become similar around the TS, despite the fact that the H–L gap within M is 

decreased compared to that within B (4.0 eV in M versus 5.0 eV in B at equilibrium geometry) 

due to a similar mechanism as discussed for P. Note that although HOMO-1M interacts with the 

LUMOA at early stages of the reaction, HOMO and HOMO-1 of M being nearly degenerate (∆e 

= 0.30 eV), invert near the TS due to the change in electronic structure caused by increased out-

of-plane distortion along the reaction coordinate. The reason for the similar orbital-energy gap 
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around the TS comes from a larger H–L energy gap within the dienophile A as its distortion is 

much smaller around the TS (Figure 5.4b) on reacting with M than it is for both B or P. In other 

words, the initial relatively small M–A orbital-energy gap increases around the TS due to the 

smaller C-C-H bending of A, which translates into a higher π-HOMO and a lower π*-LUMO 

energy.[31] The fact that the bending of A is relatively small is, of course, related to the 

asynchronous nature of the TS in M–A, as already discussed above. The outcome is a larger normal 

and inverse electron-demand orbital-energy gap and consequently a less stabilizing ∆E*oi for M–

A that amounts to only –54 versus –78 and –68 kcal mol–1 for P–A and B–A, respectively (Figure 

5.3c and Appendix 5.1). 

 Next, we assessed whether the cyclophane’s –(CH2)5-bridge exerts besides structural 

distortion also an electronic influence on the reactivity, but found the effect on reaction barrier 

heights to be minimal. For example, removing the bridge from M (M-nb) and P (P-nb) leads to 

negligible changes in ∆E*int (see Appendix 5.3). Removing the distortion in the aromatic core and 

simulating the electronic effect of the bridge by using meta- and para-xylene lead to activation 

barrier heights that are almost comparable to B. It then appears that pre-distortion of the aromatic 

core by the bridge enhances the Diels-Alder cycloaddition reactivity and not the substituent effect 

itself. 

To apply these insights for the design of aromatic Diels-Alder reactions with significantly 

lower activation energy barriers, we combined the two modes of activation induced by geometrical 

distortion, i.e., reduced activation strain of the diene connected by a meta-bridge and enhanced 

orbital interactions through a reduced H–L gap in the diene connected by a para-bridge. The latter 

can also be addressed through means other than distortion such as substituting a heteroatom in the 

aromatic core. Heteroatom substituted benzene derivatives of main group elements display 

interesting electronic properties, such as a smaller H–L gap,[32] as well as an enhanced 

cycloaddition reactivity.[33] For example, in contrast to benzene, both, substituted 

phosphabenzene[34] and substituted azadiene[35] have shown to react with mild dienophiles, albeit 

sluggishly, indicating a still relatively high activation barrier. Therefore, as a proof-of-concept, we 

systematically designed and explored the behavior of the aromatic Diels-Alder cycloaddition for 

four heteroatom-functionalized [5]metacyclophanes: The C4 atom of M is substituted for one  
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Table 5.2. KS frontier orbital energies (in eV) of dienes in their equilibrium geometry calculated at BLYP-
D3(BJ)/TZ2P.  

Compound H-2 H-1 H L H–L gap H-1–L 
gap 

H-2–L 
gap 

B –8.2 –6.1 –6.1 –1.1 5.0 5.0 7.1 
P –7.0 –5.9 –4.8 –1.6 3.2 4.3 5.4 
M[a] –7.4 –5.6 –5.3 –1.3 4.0 4.3 6.1 
M(N)[a] –6.2 –6.0 –5.4 –1.7 3.7 4.3 4.5 
M(P)[a] –6.3 –5.9 –5.3 –2.0 3.3 3.9 4.3 
M(2N)[a] –6.8 –6.2 –5.6 –2.0 3.6 4.2 4.8 
M(2P)[b] –6.0 –5.9 –5.4 –2.5 2.9 3.4 3.5 
M(N’)[b] –6.6 –5.7 –5.2 –1.8 3.4 3.9 4.8 
M(P’) –6.5 –5.2 –5.1 –2.6 2.5 2.6 3.9 
[a] In the normal electron-demand interaction H-1 is symmetry allowed to interact with the L of A 
while H is symmetry forbidden at equilibrium geometry [b] In the normal electron-demand reaction, 
H and H-1 is symmetry forbidden to interact with the L of A while H-2 is symmetry allowed, at 
equilibrium geometry. 

 

heteroatom (see Figure 1.1a for atom numbering) in M(N) (pyridine core) and M(P) 

(phosphabenzene core); the C4 and C6 atoms of M are substituted for two heteroatoms in M(2N) 

(pyrimidine core) and M(2P) (diphosphabenzene core). We envisioned that introducing a 

heteroatom into the aromatic core of the favorably pre-distorted [5]metacyclophane would cause 

a further reduction in the H–L gap within M (see Table 5.2) and result in an enhanced stabilizing 

orbital interaction with the dienophile in tandem with a reduced activation strain. Figure 5.9 

summarizes the progressive decrease in activation barrier on successive introduction of strain 

and/or interaction activation through geometrical distortion and subsequent heteroatom 

substitution in the aromatic core. As anticipated, the computed activation barriers decrease sharply 

from single activation, i.e., from bending of benzene to the [5]metacyclophane, to dual activation, 

i.e., from carbonaceous [5]metacyclophane to heteroatom-functionalized [5]metacyclophane. The 

barrier height decreases along M(P) > M(N) > M(2P) > M(2N) (Table 5.3). The pyrimidine containing 

M(2N) has the lowest cycloaddition activation barrier of this series of only 9.7 kcal mol–1, which is 

27.5 kcal mol–1 lower than for B and 7.0 kcal mol–1 lower than that of its parent M (see Figure 

5.9). The steady decrease in barrier height for these heteroatom-functionalized 

[5]metacyclophanes, as predicted, arises mostly from an enhanced interaction energy that results 

from more stabilizing orbital interactions compared to M.  
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Figure 5.9. Combining the modes of activation for aromatic Diels-Alder cycloadditions at the carbon centers starting 
from the archetypal B. Activation energies (∆E‡) in black, changes in the activation energy barrier (∆∆E‡) introduced 
by an additional mode of activation in green, computed at BLYP-D3(BJ)/TZ2P. All energies are in kcal mol–1. 
 

 
Table 5.3. Comparison of electronic and Gibbs free reaction and activation energies (in  
kcal mol–1) at 298 K for the Diels-Alder additions of aromatic dienes with acetylene, computed at BLYP-
D3(BJ)/TZ2P. 

Compound ∆E‡ ∆Erxn ∆G‡ ∆Grxn 
B 37.2 6.9 47.6 20.3 
P 23.6 –27.6 34.6 –11.7 
M 16.7 –27.8 27.7 –12.4 
M(N) 12.2 –34.7 23.5 –19.0 
M(P) 14.0 –37.0 25.0 –21.3 
M(2N) 9.7 –37.1 21.1 –21.3 
M(2P) 11.6 –43.3 22.8 –27.2 
M(N’) 26.6 –9.5 38.0 5.6 
M(P’) 2.0 –47.2 12.6 –31.6 
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The orbital interactions for M(2P) are more stabilizing than for M(P) due to a lower π*-

LUMO energy (see Table 5.2) resulting in a smaller M(2P)–A orbital-energy gap and thus a lower 

barrier. The nitrogen-substituted metacyclophanes, M(N) and M(2N), both display an enhanced 

interaction compared to [5]metacyclophane, coming mostly from an increase in orbital interactions 

in the former and a decrease in Pauli repulsion in the latter, along with a reduced activation strain 

in both cases. These factors are fully consistent with the findings of earlier studies.[35c,d] The 

difference in cycloaddition barrier between the reactive nitrogen- and the relatively less reactive 

phosphorus-substituted metacyclophanes arises from a higher destabilizing activation strain in the 

latter compared to the former. 

 

 

 
 
Scheme 5.2. Aromatic Diels-Alder cycloadditions of M(N’) and M(P’), which involve formation of a C–X bond (X = 
N, P). Activation energies (∆E‡) and reaction energy (∆Erxn) in kcal mol–1. 
 

 

To expand the scope of the work, we also analyzed the Diels-Alder reactivity of heteroatom 

substituted metacyclophanes where one C–C and one C–X bond (X = N, P substituted at the C2 

center of M, see Figure 1a for atom numbering) is formed (see Scheme 5.2). Formation of a C–N 

bond during a cycloaddition has a higher activation barrier than formation of the corresponding 

C–C bond.[35d, 36] We observe this expected trend in barrier height for the cycloaddition of M(N’) 

which goes with a much higher activation barrier (∆E‡ = 26.6 kcal mol–1, see Scheme 5.2) than M 

due to a higher Pauli repulsion combined with a destabilizing activation strain. However, a 

remarkable enhancement of cycloaddition reactivity is observed for the reaction involving a C–P 

bond formation in M(P’) which goes with the lowest activation barrier (∆E‡ = 2.0 kcal mol–1, see 
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Scheme 5.2) among all the studied reactions due to greatly enhanced interaction energy. The latter 

results from a significantly stabilizing orbital interaction which overcompensates the destabilizing 

activation strain, compared to M. A KS-MO analysis at consistent geometry ζ* reveals 

significantly small M(P’)–A orbital-energy gaps corresponding to normal (1.6 eV) and inverse (3.6 

eV) electron-demand interaction, compared to its parent M. Phosphorus, substituted at the C2 or 

C5 center (C2 in our case) of M, acts as both an auxiliary donor (destabilizing the π-HOMO of M) 

and an acceptor (stabilizing the π*-LUMO of M)[32] resulting in the smallest H–L gap within M(P’) 

of 2.5 eV at equilibrium geometry (see Table 5.2), compared to the other dienes in our study. 

Moreover, the orbital overlap of the key orbitals participating in inverse electron-demand 

interaction, HOMOA and LUMOM(P’), is more favorable (S = 0.30) compared to M or even P (S = 

0.22 and 0.24 in case of M and P, respectively). This increase in overlap stems from a large 

amplitude of M(P’) π*-LUMO on the bond-forming phosphorus center due to the low-lying empty 

pπ orbital of phosphorus. In this way we rationally tune the aromatic Diels-Alder cycloaddition 

rate of benzene to cover a wide spectrum of activation barriers via simple manipulation of different 

activation channels (see Scheme 5.3). 

 

 

 
 
Scheme 5.3. Activation strain diagram of the Diels-Alder cycloadditions of: (a) A with B (in black) and M (in blue; 
reduced activation strain); and (b) A with B (in black) and P (in red; enhanced orbital interaction). The five-membered 
oligomethylene bridge is depicted schematically in blue for M and in red for P. Only the most important contribution 
to the distinct activations is illustrated. 
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5.4 Conclusions 
The acceleration of aromatic Diels-Alder reactions through structural distortion of the aromatic 

core, e.g., in cyclophanes, consists of two distinct physical mechanisms: (i) a decrease in activation 

strain; as well as (ii) an enhanced TS interaction, as follows from our quantum chemical activation-

strain analyses. These two mechanisms may contribute to different extents for clearly identifiable 

reasons. Thus, the Diels-Alder barrier of aromatic dienes reacting with acetylene, for 

example,decreases from 37 to 24 to 17 kcal mol–1 along benzene, [5]paracyclophane, and [5]meta-

cyclophane. While the reduced barrier is in both cyclophanes induced by structural distortion of 

the aromatic core, the reduced barrier in the reaction of [5]paracyclophane mainly stems from a 

more stabilizing TS interaction with the dienophile, whereas the further reduced barrier for 

[5]metacyclophane is primarily caused by a lowering of the activation strain due to a favorable 

pre-distortion (see Scheme 5.3). 

The short five-membered bridge of [5]metacyclophane pulls the two meta carbons of the 

aromatic core together which cause the bond-forming carbon atoms to point out of the aromatic 

plane and towards the dienophile. This pre-distorted aromatic core closely resembles the transition 

state geometry and leads to a reduced activation strain. The bridge in [5]paracyclophane, on the 

other hand, pulls the two para carbons towards each other, while the bond-forming carbons are left 

unaffected and as such not favorably pre-distorted, which goes with a significantly lesser reduction 

in activation strain. Instead, [5]paracyclophane reacts more rapidly compared to benzene, due to 

the more stabilizing orbital interactions that arise from a distortion-induced decrease of the 

HOMO–LUMO gap within the diene. The latter is chiefly the result of the out-of-plane bending 

of the aromatic core induced by the oligomethylene bridge which has, among others, the effect of 

destabilizing the π-HOMO due to an increase in antibonding pπ–pπ overlap. Similar to 

[5]paracyclophane, the HOMO–LUMO gap also decreases in [5]metacyclophane, but this 

decrease is offset by an increase in the HOMO–LUMO gap of acetylene leading to larger donor–

acceptor orbital-energy gaps and thus less stabilizing orbital interactions, compared to the reaction 

of [5]paracyclophane. 

Interestingly, the distortion driven mechanisms discussed above can now also be addressed 

individually through different means. A reduced activation strain can be directly leveraged by 

employing a meta-connected cyclophane bridge. On the other hand, stronger interaction, 
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originating from a much lower HOMO–LUMO gap in [5]paracylophane, can also be induced 

through, for example, main-group heteroatom substitution in [5]metacyclophane. As a proof-of-

concept, the dually activated (reduced activation strain + stronger interaction) M(P’), featuring a 

C–P bond formation in a meta-bridged phosphabenzene, goes with an aromatic Diels-Alder barrier 

of only 2 kcal mol–1, almost 35 kcal mol–1 lower than benzene (!). In this way, we highlight the 

ability of aromatic Diels-Alder cycloadditions to be tuned using multiple activation channels. We 

envisage that this might be utilized as well for the activation of small molecules. 
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Appendices 
 

Appendix 5.1. Energy decomposition analysis (in kcal mol–1) computed at ζ* using BLYP-D3(BJ)/TZ2P.  
Compound ∆E*int ∆E*Pauli ∆E*oi ∆V*elstat ∆E*disp 
B –6.9 127.7 –68.1 –58.4 –8.2 
P –19.8 122.4 –77.5 –56.9 –7.9 
M –8.2 100.2 –54.2 –46.0 –8.2 

 
 
Appendix 5.2. Electrostatic energy (∆Velstat in kcal mol-1), π-HOMO FMOs overlap (Sπ-π) and π*-LUMO FMO overlap 
(S’π-π) obtained from the interaction between two equivalent allylic C3H3 tri-radical fragments at different out-of-plane 
bending angles (a) computed at BLYP-D3(BJ)/TZ2P level of theory.  

a ∆Velstat Sπ-π S’π-π 
0°  –356.8 0.17 0.26 
25° –363.9 0.20 0.23 
40º –375.2 0.25 0.21 

 
 
Appendix 5.3. Energy decomposition analysis (in kcal mol–1) on cyclophanes with the bridge replaced by –H–, while 
not allowing for geometric relaxation and freezing the distorted aromatic core (constraining the α, β and g), computed 
at ζ* using BLYP-D3(BJ)/TZ2P. 
Compound	 ∆E*int	 ∆E*Pauli	 ∆E*oi	 ∆V*elstat	 ∆E*disp	
B	 –6.9	 127.7	 –68.1	 –58.4	 –8.2	
P	 –19.8	 122.4	 –77.5	 –56.9	 –7.9	
M	 –8.2	 100.2	 –54.2	 –46.0	 –8.2	
P-nb	 –22.6	 118.6	 –78.1	 –55.4	 –7.7	
M-nb	 –9.4	 97.1	 –54.2	 –44.4	 –7.9	
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Appendix 5.4. π-FMO interaction diagram based on quantitative KS-MO analysis depicting the effect of out-of-plane 
bending (a) on H–L gap computed at BLYP-D3(BJ)/TZ2P. The fragments are the equivalent allylic C3H3 tri-radicals 
which upon combining forms the overall benzene. Overlaps (S) between the π-FMO are mentioned in parentheses. 
All the energies are in eV unless stated otherwise. 
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6.1 Introduction 
Modulation of frontier orbital energies has elucidated many aspects of material and synthetic 

chemistry. Illustrative is the aspect of decreasing the HOMO–LUMO gap (∆EH-L) which has found 

widespread applications in solar cell design,[1] long-wavelength absorbing photosensitizers,[2] 

near-infrared (NIR) fluorophores in bio-imaging of deep tissues,[3] and NIR emitters in organic 

electronics.[4] Decreasing the ∆EH-L in organic compounds has been attributed to extending 

π-conjugation,[5] enhancing planarity,[6] or adding donor–acceptor motifs[7] onto conjugated 

structures (see Scheme 6.1). By quantifying their interplay in the ∆EH-L we recently developed 

design principles for NIR absorbing dyes.[8] Despite the fact that the above-mentioned concepts 

are all efficient in decreasing the ∆EH-L, there is still a lack of design concepts and a systematic 

framework to rationalize such concepts. Therefore, we aim to utilize the concept of structural 

distortion as a tool to modulate the ∆EH-L in pursuit of the rational design of intense NIR absorbing 

organic dyes. 

 By controlling the distortion of aromatic π-systems their electronic structure can be tuned 

(see Scheme 1). We have already shwn that incorporating a heavy heteroatom into the aromatic 

core of benzene (YC5H6, where Y = Si, Ge, P) decreases the ∆EH-L due to in-plane structural 

distortion, causing a red shift in the lowest excitation.[8] We further showed that distortion into a 

boat-like conformation accelerates the Diels-Alder cycloaddition as compared to that of benzene.[9] 

A related example concerns the hoop-shaped benzene rings of which the para positions are 

covalently connected.[10] Reducing the number of benzene rings (n) decreases the hoop size of 

these [n]cycloparaphenylenes and results in smaller ∆EH-L values, which has been attributed to 

enhanced conjugation among the neighboring π orbitals due to a decrease in torsional angles. 

Recently, structural distortion of a Sm@C88 carbon cage was found to also affect the ∆EH-L.[11] 

With increased pressure ∆EH-L becomes smaller as the cage distorts from its equilibrium ellipsoid 

shape to spherical, to peanut-shape, to eventually collapse. Other carbon nanostructures have 

shown similar behavior.[12] Collectively, these studies suggest a causal relationship between 

increased structural distortion and decreased ∆EH-L (Scheme 6.1). 

Cyclophanes[13-16] with their strained benzene rings are ideal candidates to enhance our 

understanding of the influence of structural distortion on electronic properties. Increased strain in 

the cyclophane is known to decrease its ∆EH-L, thereby red-shifting the absorption spectrum,[17]  
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Scheme 6.1. Previous approaches (top)[5-7] and our proposed distortion-controlled approach (bottom) for decreasing 
and tuning the HOMO–LUMO gap in organic dye molecules. 
 

 

but the underlying mechanism is far from trivial. Recently, we delineated this relationship by 

bending benzene into a boat conformation to examine the Diels-Alder reactivity of 

[5]cyclophanes.[9] In the present study, we expand the insights gained from the reactivity study 

toward the tuning of optoelectronic structures. The focus is how does distortion of the benzenoid 

core control the modulation of ∆EH-L and how can it be leveraged to rationally design a distortion-

controlled NIR absorbing organic dye? Besides the proper absorption wavelength, a large 

oscillator strength is fundamental for the efficacy of a NIR chromophore. Therefore, we also 

undertake a rational approach to tune the oscillator strength. In addressing these questions, we 

explore the effect of π-π stacking, heteroatom functionalization, and donor-acceptor architectures 

on the electronic and optoelectronic properties. We will use a fragment-based approach to obtain 

mechanistic insight into the decrease of ∆EH-L upon subsequent introduction of various modes of 

structural distortion. The novelty of the present work is contained not only in the concrete 

applications but in the fact that we combine various distortion-based tuning handles for tuning 

both the excitation energy as well as the oscillator strength, and trace the underlying physics such 

that the emerging insights can be applied in rational design. All calculations have been performed 

using the Amsterdam Density Functional (ADF) 2017 quantum chemistry package developed by 

SCM[18] and the optimized structures have been illustrated by CYLview.[19] 
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6.2 Computational Details 
Structure Optimization 

The electronic ground-state geometry optimizations were performed with the dispersion corrected 

GGA-BLYP-D3(BJ) functional[20] in combination with the TZ2P[21] Slater type basis set and a 

small frozen core. The BLYP-D3(BJ) functional has been shown to satisfactorily reproduce the 

structural parameters of stacked systems.[20] Scalar-relativistic effects were included using the 

scalar zeroth-order regular approximation (ZORA).[22] All the model and benchmark molecules 

exhibit (local) energy minima, confirmed by vibrational analysis to have zero imaginary 

frequencies. 

 

Kohn-Sham Molecular Orbital analysis 

Kohn-Sham molecular orbital (KS-MO)[23] analyses have been performed at the same level of 

theory using the all-electron TZ2P basis set (i.e., no frozen core approximation). To uncouple the 

effect of different structural distortions from each other, we performed the KS-MO analyses on 

unrelaxed structures. Our quantitative molecular orbital interaction analyses, based on fragments, 

provides accurate and detailed insights into and easy-to-interpret models of the response of the 

electronic structure of benzene towards structural and electronic perturbations. 

 

Atomic Voronoi Overlap 

To assess more quantitatively in which part of the molecule an overlap arises between the 

molecular orbitals of fragments (FMOs) that constitute the pertinent overall molecule, we present 

the concept and method of the Atomic Voronoi Overlap (AVO) which has been inspired by the 

concept of VDD atomic charges.[24] The AVO SA,ijAVO on atom A is computed as the numerical 

integral of the overlap density ρij(r) between FMO fi(r) on fragment I and FMO fj(r) on fragment 

J [Eq. (6.1)] in the volume of the Voronoi cell of atom A [Eq. (6.2)], which is defined as the 

compartment of space bound by the bond mid-planes perpendicular to all bond axes between 

nucleus A and its neighboring nuclei, i.e., the region in real space which is closer to a particular 

nucleus than to any other nucleus (c.f., the Wigner-Seitz cells in crystals). The computations have 

been carried out with ADF and the associated tool DENSF.[18] 
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 ρij(r) = fi(r) fj(r) (6.1) 

 

 SA,ijAVO = ∫Voronoi cell A ρij(r) dr (6.2) 

 

The interpretation of the AVO is straightforward and transparent: SA,ijAVO constitutes that part of 

the overlap Sij = ∫fi(r)	fj(r)	dr that arises in the Voronoi cell of atom A. Equivalently, it can be 

considered as the amount of charge associated with the overlap density rij(r)	located in Voronoi 

cell A. 

 

Benchmark and Excited state Calculations 

Linear response time-dependent density functional theory (TD-DFT)[25] within its adiabatic 

framework has become the primary tool to simulate excited states of small- to medium-sized 

molecules.[26] Despite its general applicability, there are instances where it can fail to accurately 

describe the excited state properties of low-lying ππ* states. For example, TD-DFT may yield an 

imbalanced description of the two lowest singlet states of our reference model system benzene 

(oligoacenes in general).[27] Therefore, a benchmark study (see Appendix 6.1 and 6.2) was carried 

out to select the appropriate TD-DFT functional among the hybrid PBE0,[28] the meta-hybrid M06-

2X[29] and the range-separated hybrid (RSH) functional CAMY-B3LYP[30] to reproduce the 

experimentally measured lmax (for details see Appendix). CAMY-B3LYP emerged to be the best 

candidate in terms of accuracy (MAD = 0.39 eV) and systematic consistency (R2 = 0.99). Recent 

studies by Hopf and coworkers also highlight the accuracy of RSH functionals to accurately 

reproduce the absorption spectra of cyclophanes.[31] Furthermore, it is well-known that improve 

the long-range asymptotic behavior of the exchange-correlation potential, enabling them to 

accurately compute strong charge-transfer excitations compared to other standard TD-DFT 

functionals.[32] 7’ and 7’’ (see Appendix 6.1) are the representative examples of charge-transfer-

based excitation where we observe that CAMY-B3LYP (MAD = 0.12 eV) is more accurate than 

M06-2X (MAD ~ 0.22 eV). Benchmark studies by Tozer and Peach showed that also local 

excitations are well reproduced by RSH functionals.[33] In light of the highly delocalized and 

charge-transfer model systems investigated in our study, we have selected CAMY-B3LYP as the 

appropriate TD-DFT functional in combination with the TZ2P basis set for obtaining accurate and 

reliable trends. All electrons are treated variationally (no frozen core), while the scalar-relativistic 
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effects are considered via the ZORA formalism. All of the calculations of the model systems have 

been performed in vacuum to remove the solvatochromic effect on the absorption spectra. An 

additional TDDFT calculation was performed only on 18 (see Figure 7) with the non-equilibrium 

continuum solvation model COSMO[36] in the linear-response framework using dichloromethane 

(DCM) as the solvent. From hereon we denote the S1 ¬ S0 excitation energy as E0(S1) which is 

composed of a predominant HOMO ® LUMO excitation, except in cases of 1–4 and 9 where S2 

¬ S0 excitation matches the nature of S1 ¬ S0 excitation and thus E0(S2) is discussed for fair 

comparison. 

 

 

6.3 Results and Discussion 
The paper is organized as follows. The first section outlines the individual role of the various 

tuning parameters on the ∆EH-L of benzene (see Scheme 6.2), i.e., (i) out-of-plane bending of the 

aromatic core (a); (ii) bending of the cyclophane bridge with respect to the aromatic core (b); (iii) 

electronic nature of bridge (X); (iv) stacking of the π-conjugated cores; and (v) inter-core distance 

(d). All of the mechanistic studies have been performed on benzene model systems with the aim 

to understand and quantify the effects of the aforementioned structural and electronic tuning 

parameters on ∆EH-L. The results are illustrated in Figures 6.1-6.4. The second section investigates 

a series of small cyclophane systems in order to understand the relationship between the tuning 

parameters (i-v) and the ∆EH-L. Then, we combine all of our findings for the design of more 

complex cyclophane-based model systems and rationally engineer a NIR absorbing cyclophane-

like organic dye molecule. The TD-DFT results of the target system are presented in Figure 6.5 

and Table 6.1. We conclude the study by tuning the oscillator strength of the lowest singlet 

excitation. The framework that emerges explains the decrease of ∆EH-L upon increased structural 

distortion and can serve as a tool to design novel dyes with tailored optical properties, which is 

illustrated for a distortion-controlled NIR absorbing cyclophane. 
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Scheme 6.2. Schematic picture denoting the various structural and electronic parameters studied systematically in 
benzene (ring in black): out-of-plane bending (a in red), bending of the bridge with respect to the core (b in green), 
bridge substituent (X in blue), stacking with another π-core (in orange), and inter-core distance (d in brown). 
 

 

Role of Various Tuning Parameters 

Out-of-Plane Bending (a) 

Out-of-plane (boat-like) bending eliminates the degeneracy of the frontier orbitals of benzene as 

the symmetry reduces from D6h to C2v. Upon increasing a from 0º to 40º the π-HOMO is 

destabilized while the π*-LUMO is stabilized leading to a decrease in ∆EH-L. A more detailed 

explanation and analysis are given than our already reported one.[9] It starts by combining two 

allylic C3H3 triradical fragments to form the two s and one π bonds of benzene (Figure 6.1a). 

Bending destabilizes the π-HOMO as the antibonding interaction increases between the two allylic 

π-HOMO FMOs, whereas the π*-LUMO is stabilized due to a favorable interaction between the 

π*-LUMO of one allylic fragment and the nuclei of the other. Increasing a from 0º to 25º enhances 

the antibonding interaction due to an increase in overlap between the allylic π-HOMOs (Sπ-π) 

(Appendix 6.3). Figure 6.1b schematically depicts this increase in overlap to originate from: (i) a 

favorable spatial orientation leading to a larger through-bond overlap of the pπ lobes of the allylic 

π-HOMO on C2 and C3 (similarly for C6 and C5) and, (ii) a larger through-space overlap between 

the far-lying pπ lobes on the terminal C1 and C4 atoms (see Figure 6.1b for the atom numbering) 

due to a decrease in C1–C4 distance from 2.80 Å to 2.68 Å. To quantify to which extent these 

different modes of overlap contribute to the total overlap, we use the Atomic Voronoi 

Overlap(AVO) method, which identifies the overlap between two FMOs in the Voronoi cell of a 

particular atom. For a = 25º, the AVO for the C1 and C4 atoms is a significant 0.022 each (25%  
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Figure 6.1. (a) Schematic π-FMO interaction diagram between two equivalent C3H3 quartet triradical fragments  based 
on quantitative KS-MO analysis depicting the effect of out-of-plane bending (a) on ∆EH-L, in comparison to flat 
benzene (in grey); schematic representation of (b) different modes of Sπ-π between allylic π-HOMOs and (c) S’π-π 
between allylic π*-LUMOs; and (d) side view of the allylic π*-LUMO wavefunction plotted on a cut plane through 
the [H–C1---C4–H] moiety and perpendicular to the planes of the two allylic fragments (–0.03 – 0.03 au range). 
Contour of only one allylic π*-LUMO is plotted for clarity, as the other is symmetrical. 
 

 

of π-π overlap, Sπ-π, Figure 6.2c) on forming the π-HOMO. Counterintuitively, the in-phase overlap 

between the allylic π*-LUMOs (S’π-π, depicted in pink in Figure 6.2c) decreases upon bending (see 

Appendix 6.3) and is compounded by the out-of-phase overlap (Figure 6.1c, S’π-π depicted in green 

in Figure 6.2c). The pronounced lowering in energy of the π*-LUMO of benzene is caused 

primarily by the stabilization of the two allylic π*-LUMOs due to the positive potential that one 

diffuse FMO experiences upon penetrating the nuclei of the other fragment (see Figure 6.1a). This 

phenomenon of stabilizing interactions upon spatial proximity of molecular fragments popularly 

referred to as charge penetration,[34] is well established for bonding in non-polar molecules.[23a, 35] 

The extent of this effect is evident on plotting the contours of the allylic π*-LUMOs wavefunctions 

for the flat and bent geometries (Figure 6.1d). When a = 25º, the π*-LUMO of one allylic fragment 

penetrates more into the nuclei of the other (faint blue contour lines crossing the C4 nuclei, see 

Figure 6.1c), relative to planar benzene (same holds for the other allylic π*-LUMO). These small- 
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Figure 6.2. (a) Atom numbering and C1---C4 distance (in Å) for a = 0º (left) and a = 25º (right). Overlap density 
between the π-HOMOs (Sπ-π) and between the π*-LUMOs (S’π-π) of the two allylic fragments of which benzene can 
be built-up for (b) 0º and (c) 25º out-of-plane bending of benzene (isovalue = ±0.002 au). Pink and green isosurfaces 
indicate positive and negative phases, respectively. AVOs (in milli a.u.) are shown in bold dark green for each atom 
beside the overlap density. Isosurfaces of the allylic π-HOMO/π*-LUMO that give rise to the overlap density are 
shown on top of the single-headed arrow (isovalue = ±0.05 au). 
 

 

amplitude contour lines penetrating the C4 (or C1) nucleus of one allylic fragment stem from the 

bent pπ orbitals on C2 (or C3) and C6 (or C5) of the other fragment. 
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The large change in the electronic structure upon bending, specifically in the context of a 

smaller ∆EH-L, has a direct impact on the photophysical properties. Increase in a from 0º to 40º 

red-shifts E0(S1) by nearly 1.20 eV. Interestingly, in all cases except when a = 40º, the S1 ¬ S0 

transition is composed of two singly excited configurations HOMO ® LUMO+1 and HOMO–1 

® LUMO, and all of them exhibit zero oscillator strength. However, when a = 40º, the large 

decrease in the ∆EH-L changes the nature of the lowest singlet excitation to a predominant HOMO 

® LUMO transition with an increased oscillator strength from 0.00 to 0.04.  

 

Bending the Bridge (b ) 

The structural deformation of benzene can also be accomplished by bending of the cyclophane 

bridge b to induce likewise a decrease of the ∆EH-L (Figure 6.3a), in accordance with our study on 

aromatic Diels-Alder reactions.[9] The effect can be analyzed by considering the interaction 

between the [H---H]•• and [C6H4]•• triplet diradical fragments to form benzene. 

Symmetry breaking of the bent system allows for mixing of the otherwise orthogonal s 

and π FMOs and overlap of the s lobes of the hydrogens with the π orbitals of the aromatic core. 

The frontier MOs of benzene are composed of three orbital interactions originating from the [H--

-H]•• and [C6H4]•• FMOs. The HOMO reflects the bonding combination of the out-of-phase s-

SOMO of [C6H4]•• with the out-of-phase s-SOMO (1s – 1s) of [H---H]•• and the antibonding 

combination of the π-HOMO of [C6H4]•• with the out-of-phase s-SOMO of [H---H]••. With a b 

angle of 25º, s-π overlap increases (Ss-π ~ 28%) and s-s overlap decreases (Ss-s ~ 28%) leading 

to a net destabilization of the HOMO (Figure 6.3b). Similarly, the LUMO of benzene is composed 

of the bonding combination of the π*-LUMO of [C6H4]•• with the in-phase s-SOMO (1s + 1s) of 

[H---H]•• together with the antibonding combination of the in-phase s-SOMO of [C6H4]•• with the 

in-phase s-SOMO of [H---H]•• (Figure 6.3b). Thus, an increase in b causes greater s+π mixing, 

leading to an increase in s-π overlap and a decrease in s-s overlap (see Figure 6.3b), and 

consequently gives a smaller ∆EH-L. 

This decrease in the ∆EH-L also influences the optoelectronic structure. Similar to the case 

of a, gradual increase of b from 0 to 40º also red-shifts E0(S1), although the degree of red-shift is 

smaller in case of increasing b compared to increasing a (red-shift of 1.17 eV versus 0.85 eV when  
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Figure 6.3. a) Schematic FMO interaction diagram based on quantitative KS-MO analysis between [H---H]•• and 
[C6H4]•• triplet diradical fragments of which benzene can be built-up depicting the effect of bending the bridge (b) on 
the ∆EH-L for b = 0º (left panel) and b = 25º (right panel).  (b) Schematic representation of the change in various FMO 
overlaps (Ss-s, Ss-π, S’s-s and S’s-π), which lead to changes in the overall HOMO and LUMO, upon bending the bridge 
with respect to the aromatic core; and (c) schematic FMO interaction diagram between [H3C---CH3]•• and [C6H4]•• 
triplet diradical fragments based on quantitative KS-MO analysis depicting the electronic effect of bridge (X) on  
∆EH-L. 
 
 
a and b go from 0º to 40º, respectively). Again, exactly similar as a, when b = 40º, the nature of 

S1 ¬ S0 transition changes to a predominant HOMO ® LUMO transition and the oscillator 

strength also becomes non-negligible. 
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Electronic Nature of the Bridge (X) 

The third modification concerns the electronic effect of the bridge itself, which we have evaluated 

by comparing the bent benzene (left panel of Figure 6.3a) with the substituted bent 1,4-

dimethylbenzene (Figure 6.3c) where the two methyl groups serve as a simplification for the –

(CH2)n– bridge of paracyclophane. The two s-donating methyl groups destabilize mostly the 

HOMO (∆e = 0.53 eV) and less the LUMO (∆e = 0.25 eV) resulting in a net decrease of the  

∆EH-L. The destabilization of the HOMO is the result of admixing the rather high-energy s-HOMO 

of the [CH3---CH3]•• triplet diradical fragment with the π-HOMO of the [C6H4]•• triplet diradical 

fragment in an antibonding fashion (Ss-π > 0, Figure 6.3c). This is in sharp contrast to the parent 

system as the [H---H]•• triplet diradical fragment has no s/π-HOMO (Figure 6.3a). 

 

π-π Stacking 

The final parameter to analyze in this section is the effect of the stacking of benzene rings, which 

we have studied for the co-facial benzene dimer (D6h).[36] The introduction of a second benzene 

molecule decreases ∆EH-L (grey dotted lines in Figure 6.4a) in agreement with experimental 

findings.[37] The stacking destabilizes the π-HOMO (out-of-phase combination of the π-HOMO  

 

 

 
 
Figure 6.4. (a) Schematic π-FMO interaction diagram based on quantitative KS-MO analysis depicting the effect of 
stacking with another π-system (in grey dotted lines) and the effect of decreasing the inter-core distance (d, in black 
solid lines) on ∆EH-L.(b) Variation of overlap density, plotted at isovalue = ±0.0004 au, with changes in d between the 
π*-LUMO FMOs (S’π-π, top panel) and π-HOMO FMOs (Sπ-π, bottom panel) of the closed-shell C6H6 fragments. 
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FMOs) and stabilizes the π*-LUMO (in-phase combination of π*-LUMO FMOs) leading to a net 

decrease in the ∆EH-L. The π-MO levels of benzene lose their degeneracy in the dimer to split into 

bonding and antibonding MOs. The extent of this splitting is governed by the degree of overlap of 

the π-FMOs of the benzene fragments, which is maximal for a co-facially stacked arrangement, 

giving a maximum decrease in ∆EH-L. 

Inter-molecular distances d of 3.0 ~ 4.0 Å of π-stacked molecules are known to induce 

profound changes in their electronic structure.[38] Decreasing the inter-core distance (d) 3.79 Å for 

the equilibrium geometry of the benzene dimer increases the through-space π-π overlap resulting 

in a destabilization of the π-HOMO and stabilization of the π*-LUMO and consequently 

decreasing the ∆EH-L. The inter-core distance of 3.09 Å obtained from the crystal structure of 

[2.2]paracyclophane[39] is much smaller than the ideal π-stacking distance between aromatic rings 

of 3.40 Å in graphite[40] and reflects the potential for strong overlap between the π-orbitals of the 

aromatic entities. We found the same effect as the π-π overlap between the C6H6 fragments 

increases significantly (∆Sπ-π and ∆S’π-π ~ 280 %, Figure 6.4b) when d is reduced from 3.79 to 3.00 

Å to 2.50 Å (see Appendices 5.3 and 5.4), leading to a large splitting between the bonding and 

antibonding combinations (black solid lines in Figure 6.4a) and consequently a decreased ∆EH-L 

from 4.6 to 3.6 to 2.2 eV. 

 

Interplay of Tuning Parameters 

Complex Model Systems 

Having addressed the effect of individual structural distortions on the electronic structure of 

benzene, we continue by investigating their combined effect on the change in ∆EH-L for a series of 

cyclophanes (Figure 6.5 and Table 6.1) with the aim to rationally predict their absorption’s red-

shift toward the NIR. The trends of the lowest singlet excitation energy E0(S1) (E0(S2) in 1–4, 9) 

which is composed of a HOMO ® LUMO excitation will be examined starting with benzene (1) 

as the reference molecule and systematically introducing different modes of distortion to 

ultimately obtain the highly distorted cyclophane 11 with four methylene bridges. 

Compared to the HOMO ® LUMO excitation (E0(S2)) of 6.18 eV for benzene those for 

the [n]paracyclophanes become progressively smaller (i.e., 5.36 (2), 4.98 (3), and 4.42 eV (4)) on  
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Figure 6.5. Equilibrium structures of model cyclophane systems (out-of-plane bending and bending of the bridge, a 
(in red) and b (in green) respectively, in º and inter-core distance, d, (in Å) analyzed in this study. Color code: C 
(grey), H (white), Si (gold), P (orange), and N (blue). Only the maximum a and b, (see Scheme 1) and minimum d, 
(see Scheme 1) is illustrated for each molecule to ensure a consistent comparison, except 10 where the average inter-
core distance is mentioned. a and b is not assigned in 10 as it is not congruent with its definition in Scheme 1. 
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shortening the para bridge from hepta- to hexa- to pentamethylene, respectively (Table 6.1). This 

effect is due to both increased out-of-plane distortion and bending of the bridge relative to the 

aromatic core (∆a = 5º, ∆b = 8º) as is evident on comparing [6]paracyclophane (3) with 

[5]paracyclophane (4). The isomeric [6]- and [5]metacyclophanes (5 and 6, respectively), where 

the bridge is connecting two meta carbon centers, show a similar trend with E0(S1) being 0.40 eV 

smaller for the shorter bridged 6 (4.55 eV) than for 5 (4.96 eV).[41] Moreover, E0(S1) is 

systematically blue-shifted in the case of [n]metacyclophanes compared to their corresponding 

[n]paracyclophane counterparts. We note that the nature of the participating MOs in the transition 

differ as the HOMO and HOMO–1 are inverted due to a different mechanism of out-of-plane 

bending as compared to paracyclophane.[9] Introducing a second benzene ring in a sandwich-

shaped motif held together by para bimethylene bridges to furnish [2,2]paracyclophane (7), an 

E0(S1) of 4.41 eV is obtained that is, as expected, red-shifted by 1.77 eV from benzene, but only 

marginally blue-shifted (0.03 eV) from that of [5]paracyclophane 4. Apparently, the significant 

red-shift of E0(S1) resulting from intermolecular π-π stacking is compensated by the blue-shift that 

has its origin in the much smaller bending caused by the eight-membered bridge of 7 than that of 

the pentamethylene bridge of 4 (∆a = 12º). The strong π-π interaction results from the short 

transannular distance of 3.10 Å (3.09 Å in the crystal structure),[15] which also lengthens the C–C 

bond of the bimethylene bridges to 1.62 Å. Replacing these bridges for methylene ones as in 

[1,1]paracyclophane (8) reduces the ∆EH-L by a significant 41% as a result of the shorter inter-core 

distance and the larger a and b angles. Our calculated absorption maximum of 419 nm for 8 

compares well with the reported 377 nm measured at 77K in an inert matrix.[42] Bending induced 

by connecting the close-lying stacked aromatic cores (d = 3.0 Å) by a short para hexamethylene 

bridge reduces the ∆EH-L from 3.6 (co-facially stacked benzene dimer, see preceding section) to 

2.2 eV. Such a large decrease in ∆EH-L reflects a (non-linear) cumulative effect of bending and 

inter-core distance on the ∆EH-L. However, the counterpart of 8, [1,1]metacyclophane (9) shows a 

rather large blue-shift of 1.24 eV from 8. Although the bending is similar in both 8 and 9, the loss 

of π-π stacking in the latter prohibits red-shift of absorption relative to 8. Adding another 

methylene bridge to 8 pulls the stacked aromatic cores closer to each other (∆d = 0.3 Å) in 

[1,1,1](1,4,5)cyclophane (10) leading to a marginal ~0.20 eV red-shift of E0(S1) from 8. As the 

length of the bridge cannot be reduced further, we decided to enhance the red shift by strengthening 

the π-π stacking by adding one more methylene bridge to 10 to obtain 11 or 
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[1,1,1,1](1,2,4,5)cyclophane. As predicted, 11 undergoes a large red-shift of 0.79 eV from 10. The 

large red-shift stems from a stronger π-π stacking due to an extremely short d of 2.4 Å, which is 

0.3 Å shorter than 10. This indicates that the inter-core distance decreases with the increase in the 

number of bridges. Compared to the reference benzene, 11 exhibits an extremely large ~4.20 eV 

red-shift of absorption due to a combined effect of large bending due to multiple short bridges 

along with a strong π-π stacking (d = 2.4 Å versus 3.79 Å in benzene dimer) giving rise to a highly 

distorted system. The inherent strain in 11 is reflected in its significantly distorted benzene rings 

and elongated sp2-sp3 C–C bonds of 1.56 Å versus 1.50 Å in propene. Although the synthesis of 

11 has eluded synthetic chemists due to challenges with stability, its higher homologue 

[2.2.2.2](1,2,4,5)cyclophane has been characterized by Boekelheide and coworkers.[43] Overall, it 

is evident that shortening the length of the bridge and including multiple bridges enhance the 

bending and π-π stacking interaction to cumulatively, but non-linearly decrease the ∆EH-L and 

consequently red-shift E0(S1). 

 
Table 6.1. Orbital energy (H = HOMO, L = LUMO) and gap ∆EH–L, first and second lowest singlet excitation energy 
E0(S1) and E0(S2) along with the oscillator strength f corresponding to S1 ← S0 transition for the model cyclophane 
systems.[a] The excitation energy corresponding to a HOMO → LUMO transition are now marked by “HL” in the 
E0(S1) and E0(S2) columns. 
Compound H[b] L[b] H–L gap 

(∆EH-L)[b] 

E0(S1)[c] E0(S2)[c] E0(S1) 

(nm)[c] 

Osc. Strength, 

f[c] 
1 –6.1 –1.1 5.0 5.46 6.18 HL 227 0.000 
2 –5.3 –1.2 4.1 4.91 5.36 HL 253 0.004 
3 –5.3 –1.3 4.0 4.69 4.98 HL 264 0.005 
4 –4.8 –1.6 3.2 4.38 4.42 HL 283 0.007 
5 –5.5 –1.1 4.4 4.96 HL 5.65 250 0.009 
6 –5.3 –1.3 4.0 4.55 HL 5.34 272 0.010 
7 –5.2 –1.5 3.7 4.41 HL 4.83 281 0.000 
8 –4.8 –2.6 2.2 2.96 HL 3.37 419 0.000 
9 –5.1 –2.0 3.1 4.06 4.20 HL 305 0.000 
10 –4.8 –2.8 2.0 2.77 HL 3.39 448 0.002 
11 –4.8 –3.4 1.4 1.98 HL 2.99 626 0.000 
12 –4.7 –3.7 1.0 1.70 HL 1.85 729 0.000 
13 –4.9 –3.9 1.0 1.62 HL 2.09 765 0.000 
14 –5.0 –4.0 1.0 1.60 HL 1.75 775 0.000 
15 –4.9 –4.1 0.8 1.45 HL 1.54 855 0.008 

[a] Energies (in eV, unless stated otherwise). [b] Computed at BLYP-D3(BJ)/TZ2P. [c] Computed at CAMY-
B3LYP/TZ2P//BLYP-D3(BJ)/TZ2P. 
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Figure 6.6. (a) Structural distortion (in red) upon heteroatom substitution (Si) in benzene; and (b) Walsh diagram 
depicting the change in π-HOMO energy due to distortion of the aromatic core (r). The blue filled circles represent 
the in-phase pπ lobes of C. The energies were calculated at BLYP-D3(BJ)/TZ2P. 
 
 

 

To enhance the red-shift of the E0(S1) of the cyclophanes even further, aiming to achieve 

NIR absorption,[44] we introduced main-group heteroatoms in the aromatic rings. A heteroatom in 

a (poly)cyclic aromatic compound can serve as an auxiliary electron donor and/or acceptor and 

changes energy levels, shape of frontier orbitals, and the geometry of the aromatic core.[45] For 

instance, incorporating heavier main-group elements in benzene rings has been shown to lower the 

∆EH-L.[8, 9, 46] Upon replacing one of the unsubstituted aromatic carbons of 11 for either a silicon 

(12) or phosphorus (13) atom, the ∆EH-L decreases due to both destabilization of the π-HOMO and 

stabilization of the π*-LUMO. This is consistent with the studies by Wisor and Czuchajowski,[47] 

who investigated pyridinophanes (Y = N) and found a small red-shift in the absorption maximum 

as compared to its all hydrocarbon analog. The effect of heteroatom substitution is significant, as 

E0(S1) is red-shifted by 0.28 and 0.36 eV on going from 11 to 12 and 13, respectively, and increases 

to 0.38 eV for the di-P-substituted derivative 14. The distortion of the hexagonal structure of 

benzene due to the larger Si and P atoms (Figure 6.6a) reduces the bonding interaction between 

the C pπ lobes of the π-HOMO adjacent to the heteroatom, which in turn leads to a destabilization 

of the π-HOMO (Figure 6.6b).[8] Moreover, Si presents a high-lying occupied pπ orbital while P 

presents a low-lying empty pπ orbital which mixes with the π framework of the conjugated diene 

(highlighted in red, see Figure 6.6a), both of which furnish a decreased ∆EH-L. Additionally, the 

out-of-plane distortion caused by the enhanced steric repulsion between the larger heteroatom and 
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its neighboring carbon atoms (∆a(11-13) = 4º) adds to the decrease in ∆EH-L.  

Finally, to even further reduce the ∆EH-L, we applied the push-pull concept[48] to the di-P 

cyclophane 14 in the expectation of a favorable contribution from the charge transfer excitation 

effect. To this end, the para position of one of the phosphabenzene rings of 14 was substituted with 

an electron-donating (D) amine group and the other phosphabenzene ring with an electron-

withdrawing (A) cyanide group to give 15. These two substituents cause a red-shift of E0(S1) by 

0.15 eV, leading to a NIR absorption at 1.45 eV (855 nm, see Table 6.1). The decrease in ∆EH-L 

results from symmetry-allowed mixing of the high-lying amine lone pair that destabilizes the π-

HOMO of 14 and the low-lying cyano π* orbital that stabilizes the overall π*-LUMO. This 

decrease in ∆EH-L upon D/A substitution is in qualitative agreement with previous studies.[8, 49] 

However, in all these modeled systems, the oscillator strength corresponding to the NIR absorption 

is negligible rendering them to be poor chromophores. Hence, in the next section, we provide a 

systematic and rational approach to tune the oscillator strength. 

 

Tuning the E0(S1) Oscillator Strength 

The transition probability and oscillator strength (f) of the vertical S1 ¬ S0 excitation must both 

be non-zero for light-harvesting molecules. This necessitates fine-tuning of the ground and excited 

state of our model cyclophanes because all have negligible oscillator strengths (Table 6.1) due to 

electric dipole-forbidden transitions, vanishing transition dipole moments and/or cancellation of 

transition dipole moment vectors.[50] To circumvent this, we focused on modifying the nature of 

the MOs involved in the lowest electronic transitions by introducing aromatic substituents. 

 Even though silacyclophane 12 and phosphacyclophane 13 are both asymmetric, their 

oscillator strengths are vanishingly small for the S1 ¬ S0 excitation, but the next lowest excitation 

S2 ¬ S0, which is essentially a HOMO–1 ® LUMO transition, exhibits a non-negligible oscillator 

strength of ~0.02. Analysis of the all-carbon homologue 11 provides insight on how to move 

forward. Its HOMO has a nodal plane passing along C1 (or C1’) and C4 (or C4’), leading to zero 

electronic coupling between the substituents at these positions (see Figure 6.7a for atom 

numbering), but this is not the case for its HOMO–1. Therefore, we aimed to invert the order of 

HOMO and HOMO–1 by judicious choice of substituents. Such perturbations might enable 

adjusting the oscillator strength and alter the light-harvesting properties.[51] Addition of a single 

benzene substituent at the C4 position of phosphacyclophane 13 to give 16 (Figure 6.7) inverts 
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indeed the HOMO and HOMO–1, but f remains negligible for the S1 ¬ S0 transition, which is 

now instead predominantly composed of the HOMO–1 (c.f., HOMO of 11) ® LUMO transition 

(Figure 6.7b) and, expectedly, results in a poor f. This change in the nature of S1 ¬ S0 transition 

from a HOMO ® LUMO transition is due to a large contribution of the coupling matrix K in 

describing this excitation as will become clear from Eqs. (6.3) and (6.4).[25a, 52] 

 

ΩF� = 	𝜔)*F) (6.3) 

 

Ω)Z[,4]^ = 	 𝛿[^𝛿)4𝛿Z]Δ)Z[
* 	+ 	2aΔ)Z[𝐾)Z[,4]^aΔ4]^ (6.4) 

 

Here Ω is the four-index matrix and the excitation energies 𝜔i and the oscillator strength f is 

obtained by solving the eigenvalue Eq. (6.3). ∆ represents the orbital energy gap between occupied 

and unoccupied orbital a (ea – ei) and K the coupling matrix, which includes the contribution to the 

change in density and thus other linear response molecular properties when an electron is excited 

from an occupied to an unoccupied orbital. In a zeroth-order approximation, where K is neglected, 

the lowest excitation is only the HOMO ® LUMO transition. However, inclusion of K, which is 

necessary for accurately predicting excitation properties, couple other transitions, such as HOMO–

1 ® LUMO (in our case) with HOMO ® LUMO. In 16, a large magnitude of this coupling 

changes the nature of the lowest excitation and this results again in a negligible f. A similar 

negligible value of f is obtained for diphenyl substituted 17. Interestingly, the second lowest 

excitation (S2 ¬ S0) is close-lying (0.06 eV) relative to the first (S1 ¬ S0) and is composed of the 

desired HOMO (HOMO–1 of 11) ® LUMO transition which expectedly results in a non-zero f. 

From our previous analysis we showed that the large decrease of the ∆EH-L when a and b = 40º 

completely changes the nature of the S1 ¬ S0 transition from being dipole-forbidden to dipole-

allowed. We hypothesize that we can use this same concept and decrease the ∆EH-L further which 

might lead to a bright lowest singlet excited state. Furthermore, we know that the orbital energy 

gap is the leading term in linear response TD-DFT [Eq. (6.4)], a further decrease in the HOMO– 

LUMO gap might reduce the dominant effect of the coupling matrix K and revert the nature of S1 

¬ S0 transition to a predominant HOMO ® LUMO transition and thereby increase the magnitude 
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Figure 6.7. (a) Atom numbering of C atoms (red filled circles) in 11; (b) Five frontier orbitals (HOMO–1, HOMO, 
LUMO, LUMO+1 and LUMO+2) of 9 along with the shift in MO ordering moving from model system 11, 13 to 16–
18 together with the S1 ¬ S0 transition (in brown, see also text and Eqs. (6.3) and (6.4)); and (c) photophysical data 
of model systems 13, 16–18 (out-of-plane bending of the aromatic core a in º and the inter-core distance in Å). 
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of f. To this end, we introduced π-conjugated fluorenes groups at the C1 and C4 positions to furnish 

18 (Figure 6.7c). Fluorene exhibits desirable absorption properties and has found extensive 

application in co-polymers to enhance their light-harvesting character.[53] Gratifyingly, this 

resulted in an intense NIR absorption at 785 nm (1.58 eV, see Figure 6.8a) composed of the HOMO 

® LUMO transition along with a large oscillator strength of 0.22. This result is consistent with 

the work of Wang et al., who found red-shifted emission for fluorene-dithia[3.3]paracyclophane 

in both solution and the solid-state along with an increase in photoluminescence quantum yield.[54] 

The large f for 18 results mainly from (i) an increase in the transition dipole moment due to an 

increased spatial overlap between the delocalized HOMO and LUMO on the fluorene moieties and 

(ii) a large configuration interaction coefficient corresponding to the HOMO ® LUMO transition 

(0.94, Figure 6.8b). Introduction of the effect of solvation (DCM) with the continuum solvation 

model COSMO55 to stabilize the charge-separated excited state shifts the longest wavelength peak 

of 16 even further into NIR to 821 nm!  

 

 

	
	

Figure 6.8. (a) Absorption spectra of model dyes 11 (in green), 13 (in red) and 18 (in black), computed at CAMY-
B3LYP/TZ2P//BLYP-D3(BJ)/TZ2P in gas-phase with an applied gaussian broadening of 0.01 eV (vertical dashed 
lines represent the excitation energy peaks); and (b) MO composition of the S1 ¬ S0 transition in 18 plotted at isovalue 
= 0.03 a.u.  
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An additional benefit of introducing the two large π-conjugated substituents are the more 

pronounced absorptions with non-zero intensity in the UV/Vis region (see Figure 6.8a). The most 

intense one for 18 is the S5 ¬ S0 transition that represents nearly exclusively a transition from the 

HOMO to the LUMO+1 (0.93), which corresponds to the LUMO+2 of 11 that is highlighted in 

green in Figure 6.7b. The strong bathochromic shift (∆E0(S1) = 0.55 eV) of this excitation 

compared to that of 11 and its much higher oscillator strength (∆f = 0.68) stand out and suggest 

that the outlined strategy might be of use for the design of light absorbers with a wide-spectral 

response. 

 

 

6.4 Conclusions 
The HOMO–LUMO energy gap of model cyclophanes can be reduced and systematically tuned 

by structural distortion that invoke (i) out-of-plane bending of the aromatic core; (ii) bending of 

the bridge with respect to the aromatic core; (iii) nature of bridge substituents; and (iv) π–π 

stacking of which out-of-plane bending, bending of the bridge and π–π stacking are the most 

prominent ones. The various parameters are coupled by the length and number of bridges, and 

have a non-linear cumulative effect on the decrease of the HOMO–LUMO energy gap and thus 

the absorption wavelength. Complex molecules incorporating these design parameters are 

modelled in a systematic and rational approach to achieve intense NIR absorption. 

Cyclophanes with shorter bridges are subject to more bending of the aromatic core and 

bridge, and when multiple π-conjugated cores are involved, a tighter π-π stacking. The effect of 

out-of-plane bending could be quantified by dissecting benzene into two allylic fragments. This 

revealed an antibonding contribution to the π-HOMO (and thus destabilization) with increasing 

out-of-phase overlap of the allylic π-HOMOs and stabilization of the π*-LUMO as the fragment 

π*-LUMOs penetrate favorably into each other. Bending the bridge amplifies the decrease of the 

HOMO–LUMO gap by mixing the orthogonal s and π FMOs of the bridge and aromatic core, 

respectively. However, the largest change in the MO energies originates from π–π stacking as 

decreasing the inter-core distance by reducing the bridge length or increasing the number of 

bridges enables significant through-space π–π orbital overlap. Inclusion of a heavy main-group 

heteroatom such as silicon or phosphorus and adding push-pull effect on a heavily distorted 
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cyclophane augmented the decrease of the HOMO–LUMO gap and strongly red-shifted the 

HOMO ® LUMO excitation compared to benzene.  

These insights along with a rational approach to tune the oscillator strength were applied 

in a proof-of-concept design that led to the distortion-controlled cyclophane-like model dye 

molecule (18) which has a bright TD-DFT calculated absorption at 785 nm and at 812 nm when 

the effect of DCM as the solvent is included. These absorptions are well into the NIR range and 

reflect a large red-shift of ~600nm from the HOMO ® LUMO excitation of benzene. The 

contribution of the two fluorene groups in 18 is crucial as they cause the needed switching of the 

highest occupied MOs to convert the dark into a bright excited state. This finding establishes 

distortion-control as an alternative design principle for tuning the optoelectronic structure of 

organic dye molecules, especially for, but not limited to, red-shifting absorption into the NIR with 

possible applications ranging from bent organic semiconductors[56] to molecular switches.[57] 
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Appendices 
 

 
Appendix 6.1. Benchmark molecules (1–7, 7’ and 7’’, out-of-plane bending, a, in º and inter-core distance, d, in Å). 
 

 

We have benchmarked the hybrid PBE0,[1] the meta-hybrid M06-2X[2] and the range-separated 

hybrid (RSH) functional CAMY-B3LYP[3] on the 1–7” (see Appendix 6.1) geometries optimized 

in vacuum at BLYP-D3(BJ)/TZ2P, with a small frozen core against experimentally obtained 

absorption maximum in their respective solvents (Table 6.1). The lowest valence ππ* excitation 

of benzene (1), which in Platt’s nomenclature[4] corresponds to the Lb state, is at 4.90 eV in the gas 

phase.[5] Our TD-DFT computations overestimate this value by >0.50 eV. The overestimation is, 

in fact, a limitation of single-reference methods like TD-DFT, which fail to describe the double 

excitation nature of certain electronic transitions.[6] Similar to benzene, the lowest excited state of 

[n]paracyclophanes (2–4) and [n]metacyclophanes (5–6) also show multiconfigurational character 

and are thus overestimated by conventional single-determinant based methods.[7] Furthermore, in 

our benchmark set, we have included molecules with donor–acceptor interactions which inherently 
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show charge-transfer excitations along with extended π-conjugated systems for which capturing 

long-range effects in the excitation becomes highly critical.[8] Overall, all the three functionals 

perform similar in terms of accuracy, which is reflected by their fairly similar MAD of ~ 0.4 eV. 

The computed R2 values indicates an excellent correlation for CAMY-B3LYP (0.99) and M06-2X 

(0.98), while both show a better correlation than PBE0 (0.97). 

 

 
Appendix 6.2. Benchmark of TD-DFT functionals to predict E0(S1) (in eV) in bent benzene systems.[a] 

Model 
Molecule 

Experimental 
lmax 

PBE0 M06-2X CAMY-B3LYP 

1 4.90[b] 5.48 5.41 5.46 
2 4.39[c] 4.90 4.86 4.90 
3 4.18[d] 4.67 4.62 4.68 
4 3.75[e] 4.33 4.16 4.35 
5 4.42[e] 4.94 4.91 4.95 
6 4.05[d] 4.52 4.47 4.53 
7 4.10[d] 4.32 4.42 4.42 
7’ 2.82[f] 2.27 2.91 2.63 
7’’ 2.38[f] 2.04 2.74 2.44 
MD (eV) 0.00 0.28 0.37 0.39 
MAD (eV) 0.00 0.47 0.42 0.39 
R2 - 0.97 0.98 0.99 

[a] All the TDDFT calculations have been performed in their respective solvent using the TZ2P basis set on BLYP-
D3(BJ)/TZ2P optimized geometries. E0(S1) transition measured in the [b] vacuum, [c] ethanol, [d] cyclohexane, [e] 
n-hexane, and [f] chloroform. 
 

 
Appendix 6.3. Electrostatic energy (∆Velstat in kcal mol-1), π-HOMO FMOs overlap (Sπ-π) and π*-LUMO FMO overlap 
(S’π-π) obtained from the interaction between two equivalent C3H3 tri-radical fragments at different out-of-plane 
bending angles (a) computed at BLYP-D3(BJ)/TZ2P level of theory. 

a ∆Velstat Sπ-π S’π-π 

0°  –356.8 0.17 0.26 
25° –363.9 0.20 0.23 
40º –375.2 0.25 0.21 
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Appendix 6.4. π-FMO interaction diagram based on quantitative KS-MO analysis depicting the effect of stacking on 
∆EH-L computed at BLYP-D3(BJ)/TZ2P. Both the fragments are closed-shell and exhibits a singlet electronic 
configuration Overlaps (S) between the FMOs of the two fragments are mentioned in parentheses. Contribution of the 
FMO to the overall MO is represented in green. All the energies are in eV unless stated otherwise. 
 
 

 
 
Appendix 6.5. π-FMO interaction diagram based on quantitative KS-MO analysis depicting the effect of inter-core 
distance (d) on ∆EH-L computed at BLYP-D3(BJ)/TZ2P. Both the fragments are closed-shell and exhibits a singlet 
electronic configuration Overlaps (S) between the FMOs of the two fragments are mentioned in parentheses. 
Contribution of the FMO to the overall MO is represented in green. All the energies are in eV unless stated otherwise.
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Summary 
Near-infrared (NIR) absorbing and emitting organic materials are desirable for their applications 

in diverse fields such as electronics, military technology, and biomedical sciences, to name a few. 

Common organic dyes absorb in the ultra-violet (UV) or the visible region and, therefore, miss out 

on NIR absorption which comprises 31% of the solar spectrum reaching Earth’s surface. Modeling 

an organic dye such that it also absorbs in the NIR part of the solar spectrum is crucial to increase 

the amount of current generated and thus the efficiency of the solar cell.  

A rational molecular design strategy to model such an NIR organic dye requires in-depth 

knowledge of tuning the electronic structure of the different molecular fragments constituting the 

overall dye. So, if one wants to model an optimal NIR organic dye, there are two important 

parameters that must be considered: (i) tuning the orbital energy gap corresponding to the NIR 

absorption, in most cases the HOMO–LUMO gap; and (ii) tuning the oscillator strength 

corresponding to the NIR absorption.  

In line with these considerations, the purpose of this thesis is twofold. We first develop a 

toolbox of design principles rooted in accurate quantum-chemical theory which can be utilized to 

model novel NIR absorbing organic dyes. Our second aim is to test the transferability of these 

design principles to tune reactivity in elementary chemical reactions such as Diels-Alder 

cycloaddition. Chapter 1 gives a brief introduction on the research topic under discussion followed 

by Chapter 2 which gives a compact description of the theoretical methods and models used in this 

thesis. In Chapter 3, we have tested the quality of a range of TDDFT exchange-correlation 

functionals to correctly predict the condensed-phase absorption maximum in naphthalene diimides 

(NDIs). We find that the most accurate estimation of λmax was obtained for the GH functional 

PBE0, whereas RSH LCY-BLYP provides the most consistent systematic shift of excitation 

energy from λmax upon introduction of various donor groups on the NDI core. A negligible effect 

on the absorption wavelength is observed with the increase in basis set size from TZ2P to QZ4P. 

GGAs give a poor systematic trend while the hybrids such as PBE0 and the range-separated 

hybrids like CAMY-B3LYP perform better. Optimal tuning of the range-separation parameter in 

LCY-BLYP leads to a negligible improvement in accuracy but at the cost of high computational 

power. For all functionals, including the effect of solvation in the computations improves the 
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agreement with the values and trend from experiment. CAMY-B3LYP along with calibrated LCY-

BLYP with a simple linear fit outperforms all other functionals in terms of both absolute and 

predictive accuracy including correct estimation of charge-transfer excitations.  

After pinpointing the correct TDDFT XC functional to accurately compute delocalized and 

charge-transfer excitations, in Chapter 4, we developed an in-silico approach for rationally 

designing organic D-π-A dye molecules with a small HOMO–LUMO gap through investigating 

the role of, and interplay between various tuning parameters such as conjugation length, donor-

acceptor substitution, heteroatom substitution and torsional angle. Our approach yields a toolbox 

of design principles that are based on a physical insight into the causal relationships between the 

electronic structure of the functional building blocks and the resulting optical spectrum of the 

overall dye molecule. We find that the HOMO–LUMO gap of the overall molecule can be 

decreased through tweaking and optimizing the electronic structure of the functional fragments 

with the aid of the tuning parameters. This implies that one can design organic dyes by first 

optimizing the individual functional building blocks and then combining them for amplification to 

predictable absorption maxima. The understanding gained can be applied to various other kinds of 

model systems to predict a priori the absorption maximum in those dye molecules. Leveraging 

these design principles, we modeled a NIR absorbing D-π-A organic dye with an intense NIR 

absorption at 879 nm which is desirable for solar energy capture and conversion.  

From the work in Chapter 4, we realized that controlled structural distortion in the aromatic 

core can induce a lowering of the HOMO–LUMO gap which can have drastic effects on the 

reactivity of such molecules. We probed this theory in Chapter 5, where we studied the factors 

controlling the reactivity in aromatic Diels-Alder cycloaddition reactions. Through the activation 

strain model, we pinpointed the reasons behind unusually fast [4+2] Diels-Alder cycloaddition of 

the strained benzene analogs called [n]cyclophanes, compared to benzene. Distorting the aromatic 

core of benzene via a meta or a para oligomethylene bridge activates the core such that the 

reactivity is increased by fourteen orders of magnitude compared to benzene. Interestingly, the 

activating mechanisms, albeit controlled by the structural distortion, are distinct: (i) favorable pre-

distortion leading to smaller activation strain in [5]metacyclophane; and (ii) favorable transition 

state interaction with the dienophile through a distortion-controlled lowering of the HOMO–

LUMO gap in the [5]paracyclophane. Both of these physical mechanisms and thus the rate of 

Diels-Alder cycloaddition can be tuned via different modes of geometrical distortion (meta- versus 
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para-bridging) as well as by heteroatom substitution in the aromatic ring. Judicious choice of the 

bridge and heteroatom in the aromatic core enabled to achieve activation barrier as low as 2 kcal 

mol–1 in a [5]metacyclophane functionalized by a phosphorus heteroatom, which is an impressive 

35 kcal mol–1 lower than that for benzene. 

Leveraging the insights obtained from Chapter 5, we applied the concept of structural 

distortion-induced lowering of the HOMO–LUMO gap to rationally model an intense NIR 

cyclophane-like organic dye molecule in Chapter 6. Using a quantitative Kohn-Sham MO 

approach in combination with the more accurate TD-DFT, we investigated the influence of various 

structural and electronic tuning parameters on the HOMO–LUMO gap of a benzenoid model dye, 

amongst others: (i) out-of-plane bending of the aromatic core; (ii) bending of the bridge with 

respect to the core; (iii) nature of the bridge itself; and (iv) π-π stacking. Among these tuning 

parameters, the two most influential factors controlling the HOMO–LUMO gap are: (i) bending 

of the aromatic core; and (ii) the extent of π–π stacking. These factors are directly controlled by 

the length of the cyclophane bridge. The largest change in the MO energies, however, originates 

from π–π stacking. Decreasing the inter-core distance through reducing the bridge length results 

in enhanced through-space π–π orbital overlap leading to large changes in frontier molecular 

orbital energies. The obtained insights were utilized in a proof-of-concept design of a model 

distortion-controlled NIR absorbing (785 nm) cyclophane-like dye molecule with largely altered 

optoelectronic properties relative to flat benzene.  

Through this collection of research, we hope one can rationally design novel NIR organic 

dyes through fundamental understanding of the molecular and electronic structure of the dye. A 

wonderful aspect of science is the applicability and transferability of knowledge obtained from 

one field into a different one. To this end, through our research, we also highlight how design 

principles obtained from understanding spectroscopic properties can be readily applied to tune the 

rate of organic reactions. 
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