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ABSTRACT

INVESTIGATING THE PHOTOINITIATED

POLYMERIZATION KINETICS OF THIOXANTHONE

ACETIC ACID DERIVATIVES: A COMPUTATIONAL

STUDY

In this study, we have investigated the kinetic and thermodynamic parameters of

the initiation reactions of two well-known photoinitiator types; One-Component Type

II and conventional Type II. Density Functional Theory (DFT) has been used in all

calculations. The most suitable methodology for thioxanthone acetic acid based pho-

toinitiators has been chosen by assessing the level of theory. Absorption spectra of

thioxanthone acetic acid derivatives have been generated by Time-Dependent Density

Functional Theory (TD-DFT). Dynamic and vibrational effects have been included in

the calculations by including the Wigner methodology. Calculated absorption spectra

have been compared with the experimental absorption spectra of thioxanthone acetic

acid derivatives. In order to understand the nature of electronic transitions, Natural

Transition Orbitals (NTOs) have been generated and the φS index values have been

calculated. Competition between the thioxanthone acetic acid based exocyclic and

endocyclic radicals, which co-exist in the reaction media, have been evaluated. Fur-

thermore, initiation efficiencies of phenyl acetic acid based radicals and thioxanthone

acetic acid based radicals have been compared in terms of their kinetic and thermody-

namic parameters. In order to assess the radical reactivity, spin densities and radical

Fukui functions have been calculated.
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ÖZET

TİYOKZANTON ASETİK ASİT TÜREVLERİNİN

FOTOBAŞLATILMIŞ POLİMERİZASYON KİNETİK

ÖZELLİKLERİNİN İNCELENMESİ: HESAPSAL BİR

ÇALIŞMA

Bu çalışmada, iki farklı çok iyi bilinen fotobaşlatıcı tipi olan Tek-Bileşenli Tip

II ve geleneksel Tip II fotobaşlatıcıların başlatma reaksiyonlarının kinetik ve ter-

modinamik parametreleri incelenmiştir. Tüm hesaplamalarda Yoğunluk Fonksiyonel

Teorisi (DFT) kullanılmıştır. Tiyokzanton asetik asit bazlı fotobaşlatıcılara en uygun

yöntem teori düzeyinin değerlendirilmesi ile belirlenmiştir. Tiyokzanton asetik asit

türevlerinin soğurma spektrumları Zamana-Bağlı Yoğunluk Fonksiyonel Teorisi (TD-

DFT) kullanılarak oluşturulmuştur. Dinamik ve titreşimsel etkiler Wigner dağılım

metodu ile hesaplamalara dahil edilmiştir. Hesaplanan soğurma spektrumları tiyokzan-

ton asetik asit türevlerinin deneysel soğurma spektrumları ile karşılaştırılmıştır. Elek-

tronik geçişlerin doğasını anlamak için Doğal Geçiş Orbitalleri (NTO) oluşturulmuş ve

φS belirteci değerleri hesaplanmıştır. Reaksiyon ortamında aynı anda bulunan halka

içi ve halka dışı tiyokzanton asetik asit bazlı radikallerin rekabeti incelenmiştir. Ayrıca

fenil asetik asit bazlı radikaller ile tiyokzanton asetik asit bazlı radikallerin başlatma

etkinlikleri kinetik ve termodinamik parametreleri ile kıyaslanmıştır. Radikal reakti-

fliğinin belirlenmesi amacıyla spin yoğunlukları ve radikal Fukui fonksiyonları hesa-

planmıştır.
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1. INTRODUCTION

Computational chemistry is a powerful way of investigating and characterizing

chemical, physical and photophysical properties of reactions and novel compounds.

Computational tools can be applied to elucidate the underlying factors of reactions,

behaviors of compounds in different environments and propose a reaction mechanism.

Different research groups have applied computational tools to investigate different prop-

erties of systems such as; structure-reactivity relationship [1], role of chain transfer

agents [2], effect of substituents [3], solvent effect [4], reactivity studies [5, 6], kinetic

studies [7], regioselectivity studies [8], and free radical polymerization [9].

Recent studies on photoinitiators focus on introducing new functionalities to both

polymeric and monomeric photoinitiators to provide them with high absorptivity in

spectral region of lamp emission, high photo-reactivity, high quantum yield, low or

no toxicity, no odor, good solubility in the formulation and good shelf-life [10, 11].

Based on these reasons, understanding the physical, chemical, photophysical, kinetic

and thermodynamic properties of photoinitiators has a crucial impact for providing

detailed information on novel photoinitiators.

1.1. Photochemistry

Photochemistry can be defined as the study of photochemical reactions in which

the reactions of light and the molecules are considered. Photochemical reactions require

a photon to be absorbed to initiate the reactions. Photochemical reactions differ from

thermal reactions. The activation of the photoreaction is based on the absorption of

light whereas the activation of a thermal reaction is based on heat. For this reason,

the electronic and nuclear configurations of molecules are different in photo activated

molecules than the thermally activated molecules. One of the main advantages of light

induced activation is to have a possibility to initiate the reaction at low temperatures.

Photochemical reactions are favored when photons are absorbed by reactive molecules,

namely the photoinitiators. After irradiation by a light source and photon absorption,
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the light absorbing species are elevated to the higher energy levels and when they

return to the lower energy levels the released energy may be transferred to generate

species which have tendency to be reactive to surrounding molecules [12–20].

Photon absorption of a molecule, transforms the light energy into electronic ex-

citation energy. The range of electromagnetic radiation is between the gamma rays

to radio frequency waves (Figure 1.1 [12]). Generally, researchers have interest in the

region of 200-1000 nm which includes the ultraviolet (UV) light (200-380 nm), visible

region (at 380-760 nm) and the near-infrared (NIR) at 760-1000 nm for the photo-

chemical reactions. It should be also mentioned that the difference in the wavelengths

lead to difference in the penetration depths of the light. For this reason, the choice of

wavelength is an important factor to be considered in the design of photochemical reac-

tions. As an example, we can give the applications in radiation oncology. In radiation

oncology, the target molecules are in a dense tissue of human body. The wavelength of

the light source could be chosen accordingly for the penetration of light thorough this

dense media to reach the photo-sensitive molecule for the activation [12–20].

Figure 1.1. Electromagnetic spectrum and its regions.

1.1.1. Jablonski Diagram and Electronic Transitions

The Jablonski diagram (Figure 1.2) is used to describe the relative positions of

the electronic and vibrational levels schematically. This representation is a useful way

for the organization of the electronic structures, dynamic transitions and the electronic
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energies of photophysical processes. The energy diagram shows the relative energies

in the ground state, singlet excited states (Sn) and the triplet excited states (Tn) of a

molecule [12–20].

Main transitions can be defined as:

• Singlet-singlet absorption (S0 + hν → Sn)

• Singlet-triplet absorption (S0 + hν → Tn)

• Singlet-singlet emission (Fluorescence) (S1 → S0 + hν)

• Triplet-singlet emission (Phosphorescence) (T1 → S0 + hν)

• Allowed transitions within same spin states (spin-allowed)

• Forbidden transitions of excited states in different spin states (spin-forbidden)

Figure 1.2. Jablonski diagram.

After absorption of the light, internal conversion can be observed. Internal con-

version (IC) is a decay process where an excited molecule changes its state in same spin

without radiation emission. In contrast, intersystem crossing (ISC) is a non-radiative

transition between two different states accompanied by a change in the spin. Fluo-

rescence is a radiative emission from the S1 to S0, whereas the phosphorescence is a

radiative emission from the T1 to S0 [12–16].
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Absorption and emission spectra of photoreactive and sensitive molecules are of-

ten used in photochemical analysis of electronic transitions. As widely known, typical

organic chromophores and luminophores have similar functional groups such as aro-

matic groups (benzene and fused ring structures), carbonyl group, vinyl group and

nitroso group. Chromophores can be defined as atoms or functional groups that are

responsible for the absorption and the color properties of the molecule whereas lu-

minophores are responsible for the luminescent properties of the molecules, i.e. fluo-

rescence and phosphorescence. Both of them can be organic or inorganic groups [12–20].

Table 1.1. Electronic transition types, their selection rules and corresponding

absorption strengths of carbonyl group.

Transitions Selection Rule Absorption Strength

π − π∗ Allowed Strong

n− σ∗ Symmetry forbidden Weak

n− π∗ (S0 → Sn) Symmetry forbidden Weak

n− π∗ (S0 → Tn) Symmetry and spin forbidden Very weak

Electronic transitions can take place from bonding/non-bonding orbitals to anti-

bonding orbitals that includes σ − σ∗, π − π∗, n − σ∗ and n − π∗ transitions. σ −

σ∗ transition requires the highest energy to occur and the corresponding molecules

exhibit radiation < 200 nm. Different transitions and their effects are dependent on

the electron orbital configurations. For example, in the UV region of electromagnetic

spectrum; two n − π∗ transitions take place for the carbonyl group (Table 1.1) [12].

These differ from each other by one being the triplet state and the other singlet state.

As seen in Figure 1.2 the energy of triplet state is lower than the energy of the singlet

state. For this reason, the absorption band in the triplet state possesses a longer

wavelength. It should also be noted that the difference in the intensity of the absorption

peaks are also related with the selection rules. π − π∗ transitions, completely allowed

transitions, show a high absorption maximum compared to the symmetry forbidden

transitions, n− π∗.
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1.2. Photoinitiators

Photoinitiators are the molecules that are sensitive to light. After irradiated by a

light source they are capable of reaching different excited states and use this energy to

form reactive species, mostly the radicals. Photoinitiators are the key components of

the photoinitiated free radical polymerization. Their molecular design is directly linked

to their capabilities and efficiencies as a photoinitiator. Main role of the photoinitiator

is the conversion of the radiation energy, obtained from a light source, into a useful

form for chemical processes [12–18].

The performance of a photoinitiator in the initiation process is dependent on

many factors. However, these factors can be summarized as; the efficiency of the

radiation absorption, efficiency of radical generation and the reactivity and life time of

the generated radicals [21].

An indicator for the absorption efficiency is the Quantum Yield (Φ) [12–18]. The

maximum value of Φ can be 1 and this means that for each absorbed photon one photon

is emitted (Equation 1.1).

Φ =
Number of photons emitted

Number of photons absorbed
(1.1)

Φ can be used for the calculation of some kinetic properties such as the rate of the

radical formation process. The rate of radical formation step (Ri), at a wavelength (λ)

can be calculated by:

Ri = Φi · Ia(λ) = Φi · I0(λ).(1− e−2.3·ε(λ)·l·c) (1.2)

in which the Φi represents the quantum yield of radical formation step, Ia(λ) is the

radiation intensity that photoinitiator absorbs. If the photoinitiator is the only light-

absorbing specie, Ia(λ) can be calculated by Lambert-Beer equation. I0(λ) represents

the intensity of the used radiation, ε(λ) is the molar extinction coefficient (stands for

the absorbance of the photoinitiator), c is the molar concentration of the photoinitiator,
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and l is the path length of the radiation. As it can be seen in the Equation 1.2, ε(λ) and

I0(λ) are related with the wavelength of the light source. For this reason, in the case

of polychromatic light source usage, the total rate of the radical formation step can be

calculated as the integral of the Equation 1.2 over the range of generated wavelength

of the light source [12,17].

Photopolymerization has a great interest in polymer science and technology due

to its wide variety of applications such as UV-curing, coatings, adhesives, inks, dental

materials, 3D-printing, biomedical and biochemical applications [10, 11, 22–25]. Upon

irradiation of photoinitiators, the following reactions may occur;

(i) fragmentation by photocleavage of the bonds,

(ii) transfer of its energy to another molecule to form radicals which initiate the

polymerization,

(iii) abstraction of hydrogen from another molecule and thus creating a radical which

will initiate the reaction.

According to these reactions, photoinitiators can be classified in 3 main categories

[12–19]:

(i) Type I Photoinitiators

(ii) Type II Photoinitiators

(iii) One-Component Type II Photoinitiators

Photoinitiators that form radicals by photo-fragmentation are called Type I and

photoinitiators that form radicals by hydrogen abstraction are called Type II photoini-

tiators. Type II photoinitiators need a synergist / co-initiator to form radicals and the

radicals that are responsible for the initiation of the polymerization are formed on the

co-initiator molecule. On the other hand, there is another type of photoinitiator which

can be classified as One-Component Type II photoinitiator. This type of photoinitiator

does not require a co-initiator and is capable of making intermolecular or intramolec-

ular hydrogen abstraction. Therefore, radical species responsible for the initiation of
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the polymerization are formed on the photoinitiator and the reaction proceeds from

these radicals [11, 26, 27]. Each type of photoinitiator shows different photochemical

and photophysical properties in photoinitiated free radical polymerization reactions.

The following subsections are dedicated to the more detailed information on the types

of photoinitiators.

1.2.1. Type I Photoinitiators

In this class, most of the photoinitiators are based on substituted acetophenone

structure. This type of photoinitiator undergoes a homolytic bond cleavage (α or β

cleavage) upon irradiation by a light source and forms two corresponding radicals.

This mechanism is also called as Norrish Type I reaction. General reaction of a Type

I system is given in Figure 1.3. [10,17,27].

Figure 1.3. Type I radical formation reaction.

R and R′ can be hydrogen, alkyl or substituted alkyl. Both of the formed radicals

have capability of initiating the polymerization with slightly different efficiency. Their

molecule structure and radical properties, such as spin density, are effective on their

initiating capabilities [21].

Most versatile photoinitiators of this class are α−hydroxyketones (Figure 1.4).

These compounds provide high efficiency, good shelf-life and almost no yellowing of

the synthesized products. α−hydroxyketones can be modified with chromopohoric

substituents such as benzene rings and carbonyl containing groups to gain efficient

light absorption characteristics.
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Figure 1.4. Structure of α−hydroxyketone.

Widely known example of Type I photoinitiators is a commercial photoinitiator

family called Irgacure. Irgacure family have variety of different molecule structures

according to their chemical class and they are denoted by numbers, i.e. Irgacure 2959.

Irgacure 2959 belongs to the chemical class of α−hydroxyketone. The unimolecular

Type I radical formation reaction of Irgacure 2959 is given in Figure 1.5 for a better

understanding of the Type I radical formation [21,28].

Figure 1.5. Type I radical formation reaction of Irgacure 2959.

1.2.2. Type II Photoinitiators

As previously mentioned, Type II systems are bimolecular systems which re-

quire an extra compound in the reaction media for the radical formation. These extra

compounds are called co-initiators/synergists. Formation of the initiating species (rad-

icals) may occur through an electron transfer reaction, hydrogen abstraction or within

a combined process of both the electron transfer and hydrogen abstraction. This route

is mainly dependent on the nature of the photoinitiator and the co-initiator. Type II

photoinitiators are generally benzophenone, xanthone or thioxanthone based molecules

(Figure 1.6) [10, 17,21,27].
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Figure 1.6. Structures of benzophenone, xanthone and thioxanthone.

For the Type II reaction of thioxanthone; in the presence of a hydrogen donor co-

initiator, i.e. amines, electron transfer between the triplet state thioxanthone (acting as

an acceptor) and the co-initiator (acting as a donor) may form an ion pair intermediate

(a TX radical anion and a donor radical cation) excited state complex, called exciplex.

Thus, a proton transfer from the α position of the co-initiator to the TX results in a

ketyl radical on the photoinitiator and another radical on the co-initiator. However,

direct abstraction of hydrogen is also possible when alcohols, ethers, carboxylic acids

are used as the co-initiators [10, 17,21,27].

Because of the resonance stabilization and steric effects, the ketyl radicals on

thioxanthone molecules are assumed to have no effect for the initiation of the polymer-

ization. They are assumed to be participating in the combination or in the termination

of the polymer chains. On the other hand, radicals which are formed on the co-initiator

compounds are efficient for the initiation of the polymerization. General reaction of the

radical formation of thioxanthone is given in Figure 1.7 where the R-H is the hydrogen

donor (co-initiator) [27].

Figure 1.7. Type II radical formation reaction of thioxanthone.
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It is known that heteroatom containing co-initiators are efficient for the promotion

of radical formation, but the most efficient co-initiators belong to the class of tertiary

amines which have strong hydrogen donation capabilities. Mostly used co-initiators

are derived from the amines, thiols, alcohols, ethers, silanes etc. Some of the mostly

used co-initiator structures are given in Figure 1.8 [27].

Figure 1.8. Examples of co-initiators in Type II reactions.

1.2.3. One-Component Type II Photoinitiators

The research focuses on Type II photoinitiation systems to design novel photoini-

tiators that have the capability of being the photoinitiator and the co-initiator at the

same time. The main approach is the incorporative synthesis of the photoinitiators

by adding co-initiators into the photoinitiator structures. Thus, the novel molecules

can exhibit double functionality. The main advantage of One-Component systems is to

have no need for an additional molecule in the system to initiate the polymerization.

Initiating species can be formed through intermolecular or intramolecular interactions

between the triplet state chromophore core and the co-initiator part of the photoini-

tiator molecule. Some disadvantages of using individual co-initiators such as strong

odor, yellowing and ease of purification of the polymer can be solved by the usage of

One-Component systems.
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Figure 1.9. Synthesis of thioxanthone and its derivatives.

For this reason, amine, thiol, ether, carboxylic acid and other molecules which

have hydrogen donor capability have been incorporated into the photoinitiator struc-

tures to design new One-Component photoinitiating systems. Figure 1.9 shows the

synthesis of thioxanthone and thioxanthone derivatives by the condensation reaction

of thiosalicylic acid and an aromatic compound in the presence of concentrated sulfuric

acid [27]. R1 and R2 groups can be modified as the hydrogen donor/co-initiator and

One-Component thioxanthone based Type II photoinitiators can be synthesized by this

approach.

Figure 1.10. One-Component Type II radical formation reaction of TX-SH.

One of the previously reported thioxanthone based One-Component Type II pho-

toinitiator is 2-mercaptothioxanthone (TX-SH). It is synthesized by reacting the thios-

alicylic acid with thiophenol in a concentrated sulfuric acid media. The radical for-

mation reaction is based on the intermolecular interaction between the triplet TX-SH

and a ground state TX-SH molecule. This interaction result in the formation of thiyl

radicals. Intramolecular interaction between the carbonyl and thiol group is unlikely
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to occur since the bond between the thioxanthone core and thiol group is rigid. There-

fore, the dominant reaction is through the intermolecular hydrogen abstraction (Figure

1.10) [10,23,27,29].

1.2.4. Thioxanthones as Photoinitiators

Thioxanthone and its derivatives are widely used as photoinitiators for photoiniti-

ated polymerization. Their photopolymerization properties are deeply investigated by

experimental methods [30–38] and it is known that thioxanthone can be functionalized

to synthesize One-Component Type II photoinitiators [29]. Thioxanthone and thiox-

anthone based One-Component Type II photoinitiators are used in variety of studies

and in different areas of interests; as photoinitiators [29,35–38], as reduction agents for

metal nanoparticle synthesis [24,39], for DNA binding mode studies [40], for function-

alizing polyhedral oligomeric silsesquioxane (POSS) structure [41], for nanocomposite

preparations [39], and recently as candidates for thermally activated delayed fluores-

cence (TADF) emitters. [42–44].

Thioxanthone based molecules and some different photoinitiators, such as the

mostly known industrial photoinitiator Irgacure, have been also investigated by com-

putational tools such as DFT by different groups [45–48].

In this study, the initiation capabilities of four different thioxanthone based One-

Component Type II photoinitiators are investigated [35–38]. Furthermore, phenyl

acetic acid derivatives have also been studied to compare the advantages of One-

Component Type II photoinitiators against Type II photoinitiators (Figure 1.11).

As mentioned earlier, capability of light absorption of a molecule plays a signif-

icant role to absorb and use the energy for radical formation. Thioxanthone acetic

acid derivatives have more π electrons (bonding, non-bonding and anti-bonding), con-

jugation and more delocalization of electrons in the structure compared to the phenyl

acetic acid derivatives (Figure 1.11). Thus, thioxanthone acetic acid derivatives are

capable of more light absorption in a larger spectrum and at higher wavelengths.
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The molecules considered in this study are given below:

(i) Thioxanthone acetic acid derivatives

• 2-(9-oxo-9H-thioxanthen-2-yl)acetic acid (TX-AA)

• (9-oxo-9H-thioxanthen-2-yl)glycine (TX-NH-AA)

• 2-((9-oxo-9H-thioxanthen-2-yl)oxy)acetic acid (TX-O-AA)

• 2-((9-oxo-9H-thioxanthen-2-yl)thio)acetic acid (TX-S-AA)

(ii) Phenyl acetic acid derivatives

• 2-phenylacetic acid (PHC)

• N -phenylglycine (PHN)

• 2-phenoxyacetic acid (PHO)

• 2-(phenylthio)acetic acid (PHS)

Figure 1.11. Molecule structures of thioxanthone and phenyl acetic acid derivatives.

In Figure 1.11 (a) represents thioxanthone, (b) represents TX-AA, (c) represents TX-

NH-AA, TX-O-AA and TX-S-AA, (d) represents PHC, (e) represents PHN, PHO and

PHS. NH group, oxygen (O) and sulfur (S) atoms are denoted by X in the molecule

structures.
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2. METHODOLOGY

Main focus in quantum chemistry is to solve the Schrödinger equation since the

wavefunction parameter of the equation contains information related to the particle.

For instance, Heisenberg Uncertainty Principle [49] states that the exact position and

the momentum of a particle cannot be determined at the same time. Nevertheless, this

can be overcome by the calculation of the probability of the positions of the particle

by squaring the wavefunction which is obtained by solving the Schrödinger’s equation:

Hψ = Eψ (2.1)

in which H is the Hamiltonian Operator and provides the total energy of the system

(E ) as an eigenvalue and ψ in both sides represent the wavefunction. Since the H

operator is composed of the potential and kinetic energy terms of the electrons and the

nuclei, it can be defined as:

H = −
∑
i

~2

2me

∇2
i −

∑
k

~2

2mk

∇2
k −

∑
i

∑
k

e2Zk
rik

+
∑
i<j

e2

rij
+
∑
k<l

e2ZkZl
rkl

(2.2)

where all five components of the equation describe the energy of the system. The

initial two terms represent the kinetic energy value of the electrons and the nuclei,

respectively. These terms are followed representative terms of the potential energies as

the result of Coulomb interactions of nucleus-electron, electron-electron and nucleus-

nucleus. In the equation, electrons are represented by i and j, the nuclei as k and l, mk

and me are the masses of nuclei and electrons, respectively. ~ stands for ”h/2π” where

h is the Plank’s constant, electron charge is denoted by e, atomic number is denoted

by Z, the distance between the particles is denoted by r and the Laplacian operator is

denoted by ∇2.

One can state that the Schrödinger equation can be accurately applied to small

systems such as the hydrogen atom and the hydrogen-like ions, however the Schrödinger
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equation cannot provide an exact solution for many-particle systems because of the

interacted motions of particles. Since, the mass of nuclei are much higher than the

electrons, they possess themselves as stationary charged points in the system compared

to the electrons. For this reason, their kinetic energy terms would be zero. On the

other hand, Born-Oppenheimer approximation [50] proposes to take into account the

electronic and nuclear motions separately for the elimination of the nucleus-electron

attraction term and taking the nuclear-nuclear repulsion term constant. After taking

into consideration this approach, the Hamiltonian operator can be defined as:

Hel = Ekin
k + Uki + Uij (2.3)

where Uki is the potential energy of nucleus-nucleus and Uij is the potential energy

of electron-electron interactions. If we apply this approximation to the Schrödinger

equation than we represent as:

(Hel + Vnn)ψel = Eelψel (2.4)

where Vnn is the nucleus-nucleus repulsion energy constant, and the Eel is the electronic

energy eigenvalue.

The rewritten Schrödinger equation (Equation 2.4) can be used for all other

systems by using the variational principle. When we multiply the both sides of the

Equation 2.1 with the term ψ, it becomes:

ψHψ = ψEψ (2.5)

For many electron containing systems, integration of both sides in Equation 2.5

for a volume of dτ results in:

ω =

∫
ψHψdτ∫
ψ2dτ

(2.6)
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where ω is the calculated energy value. According to this theorem, calculated energy

value can only be equal or greater than the ground state energy (E0). By this way,

approximate solutions of the Schrödinger equation can be obtained.

In this study, mainly Density Functional Theory based methods, which is a vari-

ational method, are used.

2.1. Density Functional Theory

DFT [51] is a widely used quantum chemistry approach suggested by Hohenberg

and Kohn in 1964 [52, 53]. The basis of the DFT are Kohn-Hohenberg Existence

theorems [54]. These theorems allow the calculation of the electronic structure of

molecules. According to first theorem of Kohn-Hohenberg, ground state densities of

molecules are adequate to determine the wavefunction. The electron density can be

written as in Equation 2.7 in which the coordinates of the electrons are denoted by r.

ρ(r) : N

∫
...

∫
|Ψ(r1, r2, ...rn)|2dr1dr2...drn (2.7)

Second theorem of Kohn-Hohenberg states that by the usage of variational princi-

ple, the ground state energy can be calculated since the ground state density is defined

as the density which minimizes the total energy of the system [54]. Electronic energy of

the ground state can be expressed as a function of the electron density as given below:

E[ρ(r)] =

∫
V (r)ρ(r)dr + T [ρ(r)] + Vee[ρ(r)] (2.8)

If the theorem developed by Kohn and Sham [55] is applied to the Equation 2.8 the

electronic energy equation can be rewritten as:

E[ρ(r)] =

∫
V (r)ρ(r)d(r) + Tni[ρ(r)] + J [ρ(r)] + EXC [ρ(r)] (2.9)
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The terms in Equation 2.9 are; (J[ρ]) the Coulomb energy, (Tni[ρ]) kinetic energy

value of the non-interacting electrons, and (EXC[ρ]) the exchange-correlation energy

functional. In this representation of the Coulomb energy (J[ρ]), correlations between

the motions of the electrons are not taken into account. The Coulomb energy of

electron-electron interactions term can be written as:

J [ρ(r)] = −
M∑
A=1

∫
ZA

| r −RA |
ρ(r)dr +

∫
ρ(r1)ρ(r2)

| r1 − r2 |
dr1dr2 (2.10)

in which the M represents the total number of nuclei in the system. Moreover, the

kinetic energy term which represents the measure of the freedom for non-interacting

electrons can be written as:

Tni[ρ(r)] =
N∑
i=1

∫
ψi(r)−

∇2

2
ψi(r)dr (2.11)

where the denotation N represents the total number of the electrons. The last term

of the Equation 2.9 is the exchange-correlation energy functional. It can be defined

as the sum of an exchange functional (EX[ρ]) and a correlation functional (EC[ρ])

despite the fact that it has a correlation between the kinetic energy term which arises

from the kinetic energy difference between the interacting and non-interaction electron

systems [56]. The exchange-correlation energy is:

EXC [ρ(r)] =

∫
ρ(r)εXC(ρ(r))dr (2.12)

By the derivation of Equation 2.12 with electron density term, the equation can

be rearranged as:

VXC [ρ(r)] = ρ(r)
dεXC(ρ(r))

dρ(r)
+ εXC(ρ(r)) (2.13)
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In density functional theory of Kohn-Sham; independent orbitals, namely Kohn-

Sham orbitals (ψi) are obtained by solving the Kohn-Sham equations.

hKSψi = εiψi (2.14)

where hKS stands for the Kohn-Sham Hamiltonian operator. Kohn-Sham Hamiltonian

operator is defined as:

hKS = −∇
2

2
−

N∑
A=1

ZA
| r −RA |

+

∫
ρ(r1)ρ(r2)

| r1 − r2 |
dr1dr2 + VXC [ρ(r)] (2.15)

VXC [ρ(r)] being the exchange correlation potential which is related with the exchange

correlation energy defined in Equation 2.13. The Kohn-Sham orbitals are capable of

giving the exact density if the exact form of the exchange correlation functional is

known by the equation below:

ρ(r) =
N∑
i=1

|ψi|2 (2.16)

Regardless, the exact form of the exchange-correlation functional is not known.

Different functionals represent the different approximations of this exchange-correlation

functional. More detailed information about the functionals are given in the following

section.

2.2. Functionals

In parallel with the development of DFT, variety of approximations have been

developed with a focus of determination of the exact form of the exchange-correlation

functional. The first approximation is the Local Density Approximation (LDA) which

is the root of the exchange-correlation functionals. LDA provides the uniform electron

gas energy and treats the electron density of the system as equal in each site. The

positive charge accompanies to make the system neutral.
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The energy expression is given below:

E[ρ] = Tni[ρ] +

∫
ρ(r)v(r)dr + J [ρ] + Exc[ρ] + Eb (2.17)

where Eb is defined as the electrostatic energy of the positivity. Since the electron and

positive charge densities are known to be equal, the Equation 2.17 can be minimized

to:

E[ρ] = Tni[ρ] + Exc[ρ] (2.18)

and the Exc parameter can be divided into two individual parts (i) an exchange func-

tional and (ii) a correlation functional. Thus, the equation can be reorganized by

replacement of the Exc term within these newly established functionals as:

E[ρ] = Tni[ρ] + Ex[ρ] + Ec[ρ] (2.19)

Further, the kinetic energy functional is:

Tni[ρ] = CF

∫
ρ(r)5/3dr (2.20)

with CF being constant and equal to 2.8712. The exchange functional can be defined

by the following equation:

Ex[ρ] = −Cx
∫
ρ(r)4/3dr (2.21)

with Cx being constant and equal to 0.7386. Ec[ρ] is the correlation energy term for

uniformly distributed electron gas which is obtained by the parametrization of the

results that are generated by a set of quantum Monte Carlo calculations. But, LDA

is not adequate to determine the exact form of the exchange-correlation functional.

Uniform distribution of the electron density is not possible since the electron densities

differ in a molecule.
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Generalized Gradient Approximation (GGA) [57] takes into account the heteroge-

neous nature of electron density by the postulation of the exchange and the correlating

energies dependent not only the density, as well as on its gradient. The expression of

the energy by GGA is defined as:

EGGA
XC [n] =

∫
drn(r)εXC(n(r), |∇n(r)|) (2.22)

As an example of an alternative approach can be given as the hybrid density

functional methods which are the combination of the GGA method with a percentage

of Hartree-Fock (HF) exchange. These functionals are capable of adding the exact

exchange, calculated by HF functional, to the DFT exchange and correlation. Mostly

known example is the B3LYP [52,58]. B3LYP has the form of a mixed LDA and GGA

functionals as described below:

EB3LY P
XC = (1− a)ELSDA

X + aEHF
X + b∆EB

X + (1− c)ELSDA
C + cELY P

C (2.23)

in which the empirical coefficients are defined as 0.20, 0.72 and 0.81, respectively [59].

Another well-known hybrid density functional example is; M06-2X (Equation

2.24), which is a member of Minnesota Functional family that is developed by the

team of Prof. Donald Truhlar [60]. The hybrid exchange correlation for M06-2X can

be written as:

Ehyb
XC =

X

100
EHF
X + (1− X

100
)EDFT

X + EDFT
C (2.24)

where X denotes the percentage of Hartree-Fock exchange, and equals to 54 for the

M06-2X functional.

One of the other approaches to be mentioned is the long-range corrected (LC) hy-

brid density functionals which have 100% HF exchange for long-range electron-electron

interactions.
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The long-range corrected hybrid density functional approximation (LCDFA) can be

described as:

ELCDFA
XC = ESR−DFA

X (ω) + ELR−HF
X (ω) + EDFA

C (2.25)

Mostly known example for LC hybrid density functional is; ωB97XD [61], which

has only a small fraction for short-range exact exchange around 22% and 100% for

long-range exact exchange. The long-range correction provides beneficial improvement

for some features such as; charge transfer excitations, optical properties, long-chain

polarizability and dissociation of two-centered three electron bonds [62].

2.3. Basis Sets

Basis set term is first described by John C. Slater as the orbitals within a system

as a set of functions [63]. Generally, basis functions are expanded in terms of a linear

combination of atomic orbitals, also known as LCAO, with various coefficients.

φi =
K∑
µ=1

cµifµ (2.26)

where the functions µi represents molecular orbitals, fµ atomic orbitals, cµi are coef-

ficients and K is the total number of atomic orbital functions, which are also basis

functions.

Basis sets are composed of mainly 2 classes; Slater-type orbitals (STOs) and

Gaussian-type orbitals (GTOs). STOs are accurate to provide a solution for the

Schrödinger equation for hydrogen atoms but their computational cost is high. Con-

trarily, GTOs are preferable over STOs since the increase in the number of integrals

brings an increase of the computational time. S. Francis Boys [64] introduced GTOs

in 1950 and ever since they are widely employed basis sets in DFT studies. They can

also be defined as the approximated-analogues of the STOs.
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Pople et al. developed the split-valence basis sets by treating the core and valence

orbitals differently. Overall, one basis functional is applied to each core atomic orbitals

and a larger basis is employed for the valence atomic orbitals. Since the core electrons

are known to be less effected by the chemical environment compared to the valence

electrons, valence electrons are treated with larger basis set while the core electrons

are treated with a minimal basis set. Mostly known examples of the split-valence basis

sets are; 3-21G, 6-21G, 6-31G*, 6-311G**, 6-31++G** and 6-31+G**. More examples

of Pople basis sets are present in the literature.

Polarization functions can be included in basis sets in order to improve the basis

set flexibility for the system to conclude mathematical calculations and to represent

the system better.

The usage of appropriate functionals and basis sets in a quantum mechanical

calculation is very essential. An increase in the complexity of basis sets leads to an

increase in the accuracy of the calculation but in the same time the computational

cost. For this reason, basis sets should be chosen according to the necessities of the

accuracy level together with a reasonable computational cost.

2.4. Time-Dependent Density Functional Theory

TD-DFT is a tool that is used for the calculation of electronic excited properties

of a system. TD-DFT is based on the Runge-Gross theorem [65]. It is a time-dependent

analogue of Kohn-Hohenberg theorem. By this approach, the Hamiltonian operator

can be written as:

Ĥ = T̂ (r) + Ŵ (r) + V̂ext(r, t) (2.27)

in which the T̂ (r) is the kinetic energy of electrons, Ŵ (r) is the Coulomb interaction

between the electrons and the last term, V̂ext(r, t), is the time-dependent potential

effect on electrons.
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The excited state energy is mostly dependent on the external potential. For this

reason, determination of the potential effects on the system is a necessity to calculate

the excited state properties. The Kohn-Hohenberg theorem can be applied to the

variational principle as below:

A =

∫ t1

t0

〈Ψ(t)|i ∂
∂t
− Ĥ|Ψ(t)〉dt (2.28)

and the wavefunction is defined as a time-dependent constant:

Ψ(r1, ..., rN , t) = Ψ[ρ](t)e−ia(t) (2.29)

The phase factor adds a constant in Equation 2.29:

A[ρ] =

∫ t1

t0

〈Ψ(t)|i ∂
∂t
− Ĥ(t)|Ψ̃[ρ](t)〉dt+ a(t1)− a(t0) = A[ρ] + const. (2.30)

A[ρ] can be reorganized as:

A[ρ] = B[ρ]−
∫
dr

∫ t1

t0

(r, t)ρ(r, t)dtv (2.31)

where B[ρ] stands for the independence of the external potential. By assuming that

independent system has the property which can be described as:

ρ(r, t) =
∑
i

fi|Ψ(r, t)|2 (2.32)

B[ρ] can be reorganized as:

B[ρ] = Σifi
∫ t1
t0
〈Ψi(t)|i ∂∂t−

1
2
∇2
i |ψi(t)〉dtv− 1

2

∫ t1
t0
dt

∫∫
dr1dr2

ρ(r1,t)ρ(r1,t)
|r1−r2| −AXC [ρ] (2.33)

where AXC[ρ] is the exchange and correlation action functional.
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Application of the variational principle to Equation 2.31 with constraints leads to:

ρ(r, t) =
∑
i

fi|Ψi(r, t)|2 =
N∑
i

|Ψi(r, t)|2 (2.34)

Time-dependent Kohn-Sham equation is:

[−1

2
∇2 + veff (r, t)]Ψi(r, t) = i

∂

∂t
Ψi(r, t) (2.35)

veff (r, t) = vH(r, t) + vxc(r, t) + vext(r, t) (2.36)

where the time-dependent exchange potential is the unknown. All exchange and cor-

relation effects are collected in Equation 2.37:

vxc(r, t) =
δAxc[ρ]

δρ(r, t)
(2.37)

Even though the equations in TD-DFT are exact with no approximations; in

order to determine the unknown part, functional of the exchange-correlation, adiabatic

approximation (AA) is applied:

vxc[ρ](r, t) =
δAxc[ρ]

δρ(r, t)
≈ δExc[ρ]

δρ(r)
|ρ=ρ(r,t) (2.38)

The exchange and correlation potential changes instantly when/if the electron densities

change.

2.5. Polarizable Continuum Model

During the quantum mechanical calculations, solvation models are used to mimic

the solvent environment in order to gain more realistic results of the system.
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Solvent models can be applied either implicitly and/or explicitly (Figure 2.1). In

explicit solvation models, the solvent molecules are added to the model separately. The

implicit solvent model is generally used as compared to the explicit solvent model in

which the solvation is described as a solvent continuum.

Figure 2.1. Illustration of implicit and explicit solvation models.

Implicit solvation model is the most effective way to include condensed phase

effects to the calculations. The implicit solvent model is also called as continuum

solvation model where different physical effects are included for the overall solvation

process. The total solvation free energy can be expressed as:

∆Gsolvation = ∆Gcavity + ∆Gdispersion + ∆Gelectrostatic + ∆Grepulsion (2.39)

where ∆Gcavity is the energy of solute addition to the system environment. ∆Gdispersion

is the interaction energy between the solvent and the solute. This term adds the

stabilization to solvent free energy. Solute-solvent electrostatic interactions energy is

denoted by ∆Gelectrostatic. ∆Grepulsion is the exchange solute-solvent interactions which

are not included in the ∆Gcavity. All terms are calculated by the usage of a defined

cavity through van der Waals spheres which are centered at the atomic positions.

One of the polarizable continuum solvation models is the Polarizable Continuum

Model (PCM) which was developed by Tomasi et al. [66]. In PCM, the cavity is formed

by a set of spheres that are centered on atoms. These spheres have radii identified by
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the multiplication of the van der Waals radii of the atoms by a constant factor. The

solute is embedded into this identified cavity. Afterwards, subdivision of the cavity

creates small domains and the polarization charges are embedded into these small

domains. PCM considers that the solvent has only a single and specifically defined

dielectric constant with the assumption of the charge distribution of the solute induces

a polarization.

PCM can be classified into 3 main approaches; Dielectric PCM (D-PCM), which

is the first formulation of PCM, Conductor-like PCM (C-PCM) and the Integral Equa-

tion Formalism of the PCM (IEF-PCM). C-PCM provides the solvation in terms of a

surrounding medium modelled as a conductor instead of a dielectric. IEF-PCM is an

implementation of reformed PCM equations.

2.6. Wigner Distribution Function

The Wigner distribution function was first proposed by E. Wigner as a set of

quantum corrections to classical mechanics [67]. The Wigner quasi-probability distri-

bution, also called as the Wigner-Ville Distribution, was proposed in order to associate

the wavefunction and the probability distribution in phase space. As a result, com-

bined distribution of the momentum and the particle positions are described in terms

of the wavefunction (Ψ).

By the usage of either the coordinate-space or the momentum-space, the Wigner

distribution (W (x, p)) can be obtained. For one-dimensional system, the Wigner trans-

form (by using the coordinate-space wavefunction) can be written as:

W (x, p) =
1

2π

∫ ∞
−∞

ψ∗(x+
s

2
)ψ(x− s

2
)eipsds (2.40)

in which ψ is the wavefunction, x is the position and p is the momentum.
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The ψ∗(x+ s
2
) and ψ(x− s

2
) terms can be rewritten as given in the following equations:

ψ∗(x+
s

2
) = 〈ψ|x+

s

2
〉 (2.41)

ψ(x− s

2
) = 〈x− s

2
|ψ〉 (2.42)

Applying 1/2π to the third term of the Equation 2.40 (eips) and momentum eigenfunc-

tion in coordinate space with its complex conjugate, the third term becomes:

1

2π
eips =

1√
2π
eip(x+ s

2
) 1√

2π
e−ip(x−

s
2

) (2.43)

It is possible to rewrite this equation as:

1√
2π
eip(x+ s

2
) 1√

2π
e−ip(x−

s
2

) = 〈x+
s

2
|p〉〈p|x− s

2
〉 (2.44)

By substitution of Equations 2.41, 2.42 and 2.44 into the Equation 2.40, the overall

equation can be written as:

W (x, p) =

∫ ∞
−∞
〈ψ|x+

s

2
〉〈x+

s

2
|p〉〈p|x− s

2
〉〈x− s

2
|ψ〉ds (2.45)

The first term of the equation is the amplitude of a particle in the state ψ which has the

position (x− s
2
), the second term is the amplitude of a particle which has the position

(x− s
2
) with momentum p, the third term is the amplitude of a particle which has the

momentum p with position (x+ s
2
) and the last term is the amplitude of a particle with

position (x+ s
2
) in ψ state. Integration over s forms a superposition of all the possible

quantum trajectories of ψ state, which is known to interfere both constructively and

destructively, in the same time providing a quasi-probability distribution in the phase

space (Figure 2.2) [68].
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Figure 2.2. Wigner function graph W(x,p), illustrating the momentum and the

position probability distribution.

2.7. φS Index

φS index [69–71] is a descriptor of light-induced electronic charge density vari-

ation. It is a direct description which describes the charge transport during a light-

absorption. φS index is obtained by analyzing the density matrices. Density matrix

difference (∆) is calculated by subtracting the ground state matrix (P0) from the ex-

cited state density matrix PX, as illustrated below:

∆ = PX − P0 ⇒
K∑
k=1

(∆S)kk = 0 (2.46)

in which the ∆S can be neglected. Because, the system does not gain or lose electrons.

After a unitary similarity transformation is performed on ∆, the diagonal matrix δ can

be written as:

∃U |δ = U †∆U ; (δ)ij = 0 ∀i 6= j (2.47)
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The diagonal matrix is divided into two arrays according to their signs. Resultant

diagonal matrices are transformed back in order to obtain the density matrices of the

detachment (Γ) and the attachment (Λ). The detachment can be described as the

deficiency in electron density that comes from the light absorption. Whereas, the

attachment can be described as an increase in electron density at the excited state.

They are expressed in the K atomic orbital space. By the fact that, no electron loss is

observed during a vertical excitation, one can outline that:

K∑
µ=1

(ΓS)µµ =
K∑
µ=1

(ΛS)µµ (2.48)

Description of the detachment and attachment densities is also possible in 3D

space. Spatial distribution of the electronic density removed from the ground state,

namely detachment, and the reorganization in the excited state during the transition,

namely attachment, are expressed by the equations below including the detached and

the attached charge:

θ =

∫
R

dξ1

∫
R

dξ2

∫
R

dξ3%τ (ξ1ξ2ξ3) ≡
∫
R3

d3ξ%τ (ξ) (2.49)

τ ≡ Γ,Λ (2.50)

Thus, the φS index, without any dimension, can be expressed as the overlap

between the attachment and the detachment densities:

φS = θ−1

∫
R3

d3ξ
√
%Γ(ξ)%Λ(ξ) (2.51)

The φS index which is dependent on the charge-transfer character of the electronic

transition, can have values in the range of 0 to 1. If the φS index is equal to 0, it means
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that there is no overlap between the detachment and the attachment densities. On

the other hand, if the descriptor is equal to 1 in an extreme case scenario, it means

that there is no electronic density fluctuation between the ground state and the excited

states (Figure 2.3).

Figure 2.3. Graphical illustration of φS index as the overlap between detachment and

attachment density matrices.

2.8. Fukui Functions

Local reactivity descriptors indicate preferred sites on a molecule where it would

change its density when total numbers of electrons are modified by accepting or do-

nating electrons. Fukui function is one of the local reactivity descriptors which can be

utilized as a measure of reactivity. The Fukui functions allow prediction of the most

electrophilic, nucleophilic and radicalic sites on a molecule by using DFT [72–75].

Fukui functions on a kth atomic site, are defined for nucleophilic (f+
k ), electrophilic

(f−k ) and radical (f 0
k ) attack as shown below:

f+
k = ρk(N + 1)− ρk(N) (2.52)

f−k = ρk(N)− ρk(N − 1) (2.53)
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f 0
k =

ρk(N + 1)− ρk(N − 1)

2
(2.54)

where N is the number of electrons of a neutral molecule, ρk is the electron density at

atomic position k of; neutral (N), anionic (N+1) and cationic (N-1) molecule.

We have calculated the electron density and spin density of atomic sites with

Natural Population Analysis (NPA). Ground state optimized geometries of neutral

molecules have been used for the calculations of the cation and the anion.

Parr and Yang showed that higher the value of a Fukui function higher the reac-

tivity of that site in a molecule for the corresponding attack [76].
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3. AIM OF THE STUDY

In this study, photophysical, kinetic and thermodynamic properties of novel One-

Component Type II thioxanthone based photoinitiators have been investigated with the

aim of understanding the initiation capabilities of the photoinitiators.

We have performed a series of calculations for assessing the level of theory in

order to determine the best methodology which can be used for the computational

calculations related to thioxanthone acetic acid derivatives.

After determination of the best methodology, vertical excitation properties of

thioxanthone acetic acid derivatives have been calculated. UV-Vis spectra have been

obtained from the vertical excitations with TD-DFT calculations and the corresponding

frontier orbitals have been generated. In accordance with the TD-DFT calculations,

dynamic and vibrational effects have been studied for the generation of more accurate

UV-Vis spectra. The NTOs of the excitations have been calculated to understand the

physical nature of the transitions.

Radical attack to monomer reactions of exocyclic and endocyclic radicals of thiox-

anthone acetic acid derivatives have been modelled in order to understand their ini-

tiating efficiency. In addition, phenyl acetic acid based radicals have been modelled

to determine the differences and similarities between the One-Component Type II and

Type II photoinitiation systems.

Spin densities and radical Fukui functions have been calculated for the initiating

radicals to understand the reactivity of these species. Regression analyses for spin

densities and radical Fukui functions have been carried out to establish a correlation

with the activation energies.
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4. RESULTS

4.1. Computational Procedure

All calculations have been carried out with Gaussian 09 (Ver. E.01.) software

package [77]. DFT calculations at the B3LYP/6-31+G(d,p), M06-2X/6-31+G(d,p),

ωB97X-D/6-31+G(d,p), B3LYP-D3/6-31+G(d,p) levels of theory have been carried

out. 6-311++G(3df,3pd) basis set has been used for S atom in most of the calculations.

Stationary points for all the minima have been characterized with positive frequencies,

whereas transition structures have a unique negative frequency.

Electronic absorption spectra of thioxanthone acetic acid derivatives have been

calculated with TD-DFT at B3LYP/6-31+G(d,p), M06-2X/6-31+G(d,p), ωB97X-D/6-

31+G(d,p) levels in their most stable conformations with and without adding extra

basis set (6-311++G(3df,3pd)) for S atom.

N,N ′-Dimethylformamide (DMF) has been reported as the solvent in the poly-

merization reactions of thioxanthone acetic acid derivatives. For this reason, IEF-PCM

has been used to mimic the same solvent environment. DMF with a dielectric constant

of 37.219 [77] has been used as solvent implicitly in both DFT and in TD-DFT calcu-

lations.

Frontier orbitals have been generated from the TD-DFT calculations with Gaus-

sian 09 software package. NTOs and φS values have been evaluated with Nancy EX

tool [69–71]. The NTOs have been visualized with the Avogadro software package [78].

In order to include dynamic and vibrational effects to our calculations, 20 snap-

shots of the optimized structures have been obtained from Q/P- uncorrelated quantum

harmonic oscillator (Wigner) calculations by Newton-X Ver. 2 software package [79].

These snapshots have been used to generate more accurate UV-Vis spectra of thioxan-

thone acetic acid derivatives.
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For the calculation of the radical Fukui functions, NPA have been carried out on

the radical species and the electron density of the radical site on the molecule have

been obtained.

4.2. Background

Synthesis of thioxanthone acetic acid derivatives is based on the incorporation of

different acetic acid side groups to the thioxanthone core by the condensation reaction

of thiosalicylic acid and an aromatic compound in the presence of concentrated sulfu-

ric acid (Figure 1.9) [27]. Experimentally proposed radical formation mechanisms of

thioxanthone acetic acid derivatives are given in Figure 4.1 and 4.2.

In both reactions, upon irradiation by a light source, thioxanthone acetic acid

derivatives are known to reach a triplet state and make an intermolecular hydrogen

abstraction spontaneously with decarboxylation and form two radicals; (i) exocyclic

(blue) and (ii) endocyclic (red). Arsu et al. have proposed that the initiation is more

favorable with the exocyclic radicals whereas the endocyclic radicals might lead to the

formation of side products [35–37].

Figure 4.1. Experimentally proposed radical formation reaction of TX-AA.
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Except for TX-AA, experimental studies suggest that there is a charge transfer

between the thioxanthone molecules before the decarboxylation step [36,37]. Also, for

some thioxanthone acetic acid derivatives, i.e. TX-O-AA and TX-S-AA, intramolecular

interactions might be a possible route for the charge transfer [27].

Figure 4.2. Experimentally proposed radical formation reaction of TX-NH-AA,

TX-O-AA and TX-S-AA.

Thioxanthone, without any functional side group attached, is known to react as

a Type II photoinitiator.

Phenyl acetic acid derivatives, especially N -phenylglycine, are well known co-

initiators which are used in Type II photoinitiation systems [80–82]. Radical formation

mechanisms of non-functionalized thioxanthone molecule with phenyl acetic acid based

co-initiators are illustrated in Figure 4.3 and 4.4.
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Figure 4.3. Radical formation reaction of PHC.

Figure 4.4. Radical formation reaction of PHN, PHO and PHS.
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In contrast to One-Component Type II photoinitiation reactions of thioxanthone

acetic acid derivatives, conventional Type II photoinitiation reactions of phenyl acetic

acid derivatives with thioxanthone, lead to the formation of endocyclic radical on the

thioxanthone core (red). Endocyclic radical is formed after the thioxanthone reaches

triplet state and makes an intermolecular hydrogen abstraction from the co-initiator

molecule. Hydrogen abstraction is followed by decarboxylation and consequently the

exocyclic radical on the co-initiator (blue) forms (Figure 4.3 and 4.4).

Radical attack to monomer reaction rate is an important indicator for the effi-

ciency of the photopolymerization reactions, since it is the first step in the photopoly-

merization after the formation of radicals [83–85].

In this study, we have modelled the radical attack to the monomer both for

exocyclic and endocyclic radicals of thioxanthone acetic acid derivatives in order to

understand the competition between these radicals which are assumed to co-exist in

the One-Component Type II photoinitiation reactions (Figure 4.5) [35–37].

Phenyl acetic acid based co-initiators and One-Component Type II thioxanthone

acetic acid based photoinitiators have the same acetic acid based side groups on their

structures. For this reason, in order to understand the similarities and the differences

between the initiation capabilities of One-Component Type II and Type II photoini-

tiators, exocyclic radical attack of phenyl acetic acid derivatives (co-initiators) and

the endocyclic radical attack of non-functionalized thioxanthone (photoinitiator) have

been modelled concurrently (Figure 4.5).

Methyl methacrylate (MMA) monomer usage has been reported in the poly-

merization studies of thioxanthone acetic acid derivatives [35–37]. In order to design

similar reaction conditions, MMA has been selected as the monomer through all mod-

elled initiation reactions of thioxanthone acetic acid based and phenyl acetic acid based

radicals.
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Simulating similar reaction conditions by the usage of the same monomer and

the same solvent have led to more accurate and meaningful comparisons related to the

initiation capabilities of the formed radicals.

Figure 4.5. Initiation reactions modeled in this study (X:NH, O, S).

In Figure 4.5 (a) and (b) stands for exocyclic and endocyclic radical attack of

thioxanthone acetic acid derivatives respectively, (c) for exocyclic radical attack of

phenyl acetic acid derivatives and (d) for endocyclic radical attack of thioxanthone to

MMA.
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4.3. Assessing the Level of Theory

4.3.1. Energetics

In computational chemistry, assessing the level of theory is crucial for the deter-

mination of the best methodology that produces the experimental results accurately.

This is true especially for novel synthetic molecules. As mentioned in detail in the

Methodology chapter, there are a wide variety of functionals and basis sets available

for the computation.

We have used different functionals (B3LYP, M06-2X, ωB97X-D and B3LYP-D3)

with the basis sets 6-31+G(d,p) and 6-311++G(3df,3pd) for S atom, to model the

initiation reactions and at the same time to generate the UV-Vis spectra by vertical

excitations from the ground state.

Change in the free energy of activation with different functionals for the exocyclic

radicals of thioxanthone, are given in Figure 4.6. ∆G‡ have been calculated by the

subtraction of the energy of the transition state complex from the sum of the energies

of the minimum energy conformations of the corresponding reactants, exocyclic radical

and the MMA. Adding extra basis set for S atom have made almost no change in the

free energy of activation value within the same functional for all tested methodologies.

A general trend between the activation energies of molecules has been observed within

the framework of different functionals used whereas calculations with ωB97X-D and

B3LYP-D3 do not show the same pattern.

Determination of the more accurate methodology was accomplished after the

generation of UV-Vis spectra.
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Figure 4.6. Free energy of activation with different functionals in the exocyclic radical

attack to MMA reactions of thioxanthone acetic acid derivatives.

The pre-reactive complexes (PRCs) are higher in energy than the total energy

of the corresponding reactants. Thus, the activation energies are calculated as the

difference between the free energy of the transition state structure and the sum of free

energies of the reactants.

Relative energies of each molecule structure in exocyclic radical attack to MMA

reactions of thioxanthone acetic acid derivatives are given in detail in Table 4.1. In

general, calculations carried out with M06-2X and ωB97X-D have resulted in lower

energies of intermediates than the calculations carried out with B3LYP and B3LYP-

D3. Note that all reactions possess exergonic behaviour with each functional used.
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Table 4.1. Relative Gibbs energies (kcal/mol) for the transition states, intermediates

and PRCs in the reactions of exocyclic radical attack to MMA.

Molecule Methodology a,b TS Int. PRC

TX-AAexo

B3LYP 18.72 -2.28 4.92

M06-2X 16.46 -9.60 5.74

ωB97X-D 16.64 -10.21 4.19

B3LYP-D3 14.01 -6.64 3.06

TX-NH-AAexo

B3LYP 15.30 -4.14 5.29

M06-2X 13.15 -12.26 5.74

ωB97X-D 14.09 -12.66 6.18

B3LYP-D3 10.29 -8.43 3.50

TX-O-AAexo

B3LYP 15.60 -11.41 7.29

M06-2X 13.82 -19.30 5.44

ωB97X-D 12.72 -19.81 4.97

B3LYP-D3 10.18 -17,42 2.73

TX-S-AAexo

B3LYP 17.92 -6.40 5.98

M06-2X 15.40 -15.55 5.15

ωB97X-D 15.24 -16.08 3.43

B3LYP-D3 10.90 -13.05 4.30

a 6-31 + G(d, p)

b Extra basis set for S atom: 6-311++G(3df,3pd)



42

4.3.2. Vertical Excitations

We have performed a series of TD-DFT calculations with the optimized ground

state structures and UV-Vis spectra have been generated.

M06-2X/6-31+G(d,p) and ωB97X-D/6-31 + G(d, p) methodologies have failed to

represent the experimental data. Calculated absorption maximum values were located

at significantly lower wavelengths for all thioxanthone acetic acid derivatives.

B3LYP/6-31+G(d,p) methodology has been the most successful to generate the

UV-Vis spectrum among the other methodologies used. Including extra basis set for

the S atom (6-311++G(3df,3pd)) have generated even more accurate results.

Previously, Wang et al. [42], Li et al. [43], Sun et al. [44] and Beni et al. [45, 46]

have also reported the accuracy of B3LYP in their studies. Wang et al., Li et al.

and Sun et al. have used B3LYP for the optimization and vertical excitation studies

of thioxanthone based molecules for the design of TADF emitters. Beni et al. have

carried out series of DFT calculations on thioxanthone and hydroxythioxanthones to

define the molecular, geometric and photophysical properties of the molecules. In the

same manner, our results also suggest that B3LYP functional is an adequate functional

to be used for modelling thioxanthone based molecules.

Singlet excitation properties of TX-AA, TX-NH-AA, TX-O-AA and TX-S-AA

are given in Table 4.2 to 4.5, in which α denotes addition of extra basis set (6-

311++G(3df,3pd)) for S atom, excitation energies are in eV, wavelength in nm, (f)

is oscillator strength, (H) stands for HOMO and (L) stands for LUMO, (%) denotes

contribution % and (c) is the coefficient.
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Table 4.2. Singlet Excitation Properties of TX-AA with different methodologies.

Methodology eV nm f Nature % c

M06-2X 3.8435 322.58 0.0462
H(−4) → L 58.72 0.54187

H → L 31.29 0.39551

ωB97X-D 3.8647 320.81 0.1460 H → L 94.61 0.68778

B3LYP 3.3485 370.27 0.0960 H → L 96.61 0.69501

B3LYP α 3.3224 373.18 0.0928 H → L 96.57 0.69486

Table 4.3. Singlet Excitation Properties of TX-NH-AA with different methodologies.

Methodology eV nm f Nature % c

M06-2X 3.4390 360.52 0.1279 H → L 96.03 0.69293

ωB97X-D 3.4428 360.13 0.1303 H → L 93.77 0.68474

B3LYP 2.8535 434.49 0.0799 H → L 98.25 0.70089

B3LYP α 2.8476 435.39 0.0788 H → L 98.19 0.70068

Table 4.4. Singlet Excitation Properties of TX-O-AA with different methodologies.

Methodology eV nm f Nature % c

M06-2X 3.7051 334.63 0.1510 H → L 96.41 0.69431

ωB97X-D 3.7093 334.25 0.1549 H → L 95.07 0.68947

B3LYP 3.2028 387.11 0.1004 H → L 97.16 0.69698

B3LYP α 3.1809 389.78 0.0970 H → L 97.10 0.69679
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Table 4.5. Singlet Excitation Properties of TX-S-AA with different methodologies.

Methodology eV nm f Nature % c

M06-2X 3.8302 323.71 0.0020
H(−5) → L 80.93 0.63614

H(−5) → L(+22) 3.51 -0.13239

ωB97X-D 3.8751 319.95 0.1294 H → L 93.59 0.68406

B3LYP 3.3388 371.35 0.0808 H → L 96.40 0.69425

B3LYP α 3.3062 375.01 0.0757 H → L 96.36 0.69412

4.4. Absorption Properties and Frontier Orbitals

Ground state optimized geometries and vertical excitation properties with re-

ported experimental values [35–37] of thioxanthone acetic acid derivatives, calculated

with B3LYP/6-31+G(d,p) for S: 6-311++G(3df,3pd) in DMF, are given in Figure 4.7

and Table 4.6, respectively.

Figure 4.7. Ground state geometries of thioxanthone acetic acid derivatives (a)

TX-AA, (b) TX-NH-AA, (c) TX-O-AA and (d) TX-S-AA.
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In Table 4.6 excitation energies in eV, wavelength in nm, oscillator strength (f),

contribution % , coefficient (c) and experimental wavelength in nm, are reported.

Main transitions for all thioxanthone acetic acid derivatives are from HOMO to

LUMO with the contribution % values in the range of 96.36 to 98.19. A correlation

between the experimental and calculated UV-Vis absorption values have been observed.

Table 4.6. Singlet excitation properties of thioxanthone acetic acid derivatives

(B3LYP/6-31+G(d,p) for S: 6-311++G(3df,3pd) in DMF).

Molecule eV Wav. f Nature % c Exp. Wav.

TX-AA 3.3224 373.18 0.0928 H → L 96.57 0.69486 384

TX-NH-AA 2.8476 435.39 0.0788 H → L 98.19 0.70068 392-430

TX-O-AA 3.1809 389.78 0.0970 H → L 97.10 0.69679 380-400

TX-S-AA 3.3062 375.01 0.0757 H → L 96.36 0.69412 380-400

Even though the quantitively minimum energy conformer in TD-DFT calcula-

tions represents the photophysical properties of the system well, the simulated ab-

sorption characteristics match with the experimental data better when the vibrational

effects are included on the geometry by Wigner distribution method. It is known that,

single-conformation dynamic approach applied by the Wigner distribution is capable

of reproducing the optical properties of organic chromophores of different structures

almost quantitatively [86–89].

On that account, in order to produce more accurate UV-Vis absorption charac-

teristics, Q/P-uncorrelated quantum harmonic oscillator (Wigner) method have been

used to generate UV-Vis spectra of the molecules. By applying this method to our cal-

culations, more precise spectra which match the experimental data have been obtained

(Figure 4.8 to 4.11).
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In conjunction with assessing the level of theory, generation of more precise UV-

Vis spectra with B3LYP/6-31+G(d,p) for S: 6-311++G(3df,3pd) in DMF through

Wigner calculations have led us to select this methodology for the further calculations.

According to the reported experimental UV-Vis measurements; TX-NH-AA has

showed a tailing effect in UV-Vis spectrum between the range of 392 to 430 nm [27,36].

Even though this tailing effect has been observed in experimental studies, it has not

been observed in computational calculations. However, a corresponding peak has been

observed in the same region of the tailing effect (Figure 4.8).

TX-NH-AA is known as panchromatic photoinitiator, the shift to longer wave-

lengths is due to the hydrogen bonding ability of glycine functionality on the molecule

[27, 36]. Our goal was to determine the best methodology to reproduce experimental

results by comparing the calculated and experimental UV-Vis spectra. For this reason,

hydrogen bonding capabilities with the medium have not been considered in this study.

TX-AA, TX-O-AA and TX-S-AA molecules have shown a large absorption max-

imum peak in the range of 380-400 nm [36–38]. Accurate UV-Vis spectra for these

molecules have been obtained in our calculations (Figure 4.9 to 4.11).
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Figure 4.8. Calculated and experimental UV-Vis absorption spectra of TX-NH-AA.

Figure 4.9. Calculated and experimental UV-Vis absorption spectra of TX-AA.
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Figure 4.10. Calculated and experimental UV-Vis absorption spectra of TX-O-AA.

Figure 4.11. Calculated and experimental UV-Vis absorption spectra of TX-S-AA.
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Dominant transition of thioxanthone acetic acid derivatives is S0 → S1 . Frontier

orbitals (HOMO and LUMO) related to these transitions of thioxanthone acetic acid

derivatives, are given in Table 4.7.

Table 4.7. Frontier orbitals of thioxanthone acetic acid derivatives

(B3LYP/6-31+G(d,p) for S: 6-311++G(3df,3pd) in DMF).

Molecule HOMO LUMO

TX-AA

TX-NH-AA

TX-O-AA

TX-S-AA
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4.5. Natural Transition Orbitals

A possible route to improve the understanding of the physical nature of electronic

transitions is the analysis of the corresponding NTOs. This way, one can express the

excited state in terms of transitions from occupied and virtual NTOs.

Occupied and virtual NTOs of thioxanthone acetic acid derivatives with cal-

culated parameters of transitions, are given in Table 4.8 to 4.11. The first vertical

transition (S0 → S1) of all thioxanthone acetic acid derivatives have π − π∗ nature

which can be also followed by the generated UV-Vis spectra.

Addition of NH, O, and S atoms between the thioxanthone core influences the

occupied NTOs (oNTOs) whereas not the virtual NTOs (vNTOs) (Table 4.8 to 4.11).

Calculated φS-Löwdin values are in the range of 0.695 - 0.725, lowest being the

TX-NH-AA and highest being the TX-S-AA. φS-Mulliken values are in the range of

0.726 - 0.733 and again lowest being the TX-NH-AA and highest being the TX-S-AA.

φS values of the S0 → S1 transitions for all thioxanthone acetic acid derivative

is close to 1 and this verifies the local excitation character of the transitions. For all

thioxanthone acetic acid derivatives only S0 → S2 transitions have φS values close to

0, however their oscillator strength is 0.
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Table 4.8. Occupied and virtual NTOs of TX-AA with calculated parameters of

transitions (B3LYP/6-31+G(d,p) for S: 6-311++G(3df,3pd) in DMF).

Parameters oNTO vNTO

S0 → S1

3.3224 eV

f = 0.0928

φS-Löwdin = 0.701

φS-Mulliken = 0.723

S0 → S2

3.6656 eV

f = 0.0000

φS-Löwdin = 0.378

φS-Mulliken = 0.396

S0 → S3

4.2046 eV

f = 0.0564

φS-Löwdin = 0.849

φS-Mulliken = 0.864

S0 → S4

4.5557 eV

f = 0.1364

φS-Löwdin = 0.749

φS-Mulliken = 0.755

S0 → S5

4.6607 eV

f = 0.7542

φS-Löwdin = 0.834

φS-Mulliken = 0.840
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Table 4.9. Occupied and virtual NTOs of TX-NH-AA with calculated parameters of

transitions (B3LYP/6-31+G(d,p) for S: 6-311++G(3df,3pd) in DMF).

Parameters oNTO vNTO

S0 → S1

2.8476 eV

f = 0.0788

φS-Löwdin = 0.695

φS-Mulliken = 0.726

S0 → S2

3.6719 eV

f = 0.0000

φS-Löwdin = 0.301

φS-Mulliken = 0.320

S0 → S3

3.8441 eV

f = 0.0156

φS-Löwdin = 0.829

φS-Mulliken = 0.842

S0 → S4

4.0278 eV

f = 0.3065

φS-Löwdin = 0.797

φS-Mulliken = 0.813

S0 → S5

4.3013 eV

f = 0.0105

φS-Löwdin = 0.566

φS-Mulliken = 0.599
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Table 4.10. Occupied and virtual NTOs of TX-O-AA with calculated parameters of

transitions (B3LYP/6-31+G(d,p) for S: 6-311++G(3df,3pd) in DMF).

Parameters oNTO vNTO

S0 → S1

3.1809 eV

f = 0.0970

φS-Löwdin = 0.712

φS-Mulliken = 0.732

S0 → S2

3.6748 eV

f = 0.0000

φS-Löwdin = 0.262

φS-Mulliken = 0.280

S0 → S3

4.1180 eV

f = 0.0113

φS-Löwdin = 0.862

φS-Mulliken = 0.871

S0 → S4

4.3510 eV

f = 0.2219

φS-Löwdin = 0.775

φS-Mulliken = 0.783

S0 → S5

4.5567 eV

f = 0.4151

φS-Löwdin = 0.793

φS-Mulliken = 0.801
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Table 4.11. Occupied and virtual NTOs of TX-S-AA with calculated parameters of

transitions (B3LYP/6-31+G(d,p) for S: 6-311++G(3df,3pd) in DMF).

Parameters oNTO vNTO

S0 → S1

3.3062 eV

f = 0.0757

φS-Löwdin = 0.725

φS-Mulliken = 0.733

S0 → S2

3.6373 eV

f = 0.0007

φS-Löwdin = 0.372

φS-Mulliken = 0.405

S0 → S3

3.4287 eV

f = 0.0034

φS-Löwdin = 0.688

φS-Mulliken = 0.739

S0 → S4

4.0141 eV

f = 0.2635

φS-Löwdin = 0.830

φS-Mulliken = 0.859

S0 → S5

4.3085 eV

f = 0.0084

φS-Löwdin = 0.677

φS-Mulliken = 0.714
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As previously mentioned, transitions are mainly located on the thioxanthone core.

However, contribution of NH group, O and S atom to the transitions with minor effects

can be observed in the generated orbitals.

Even though these groups have minor effects on the transitions (on oNTOs),

contribution of the acetic acid group is not observable. This can be verified by the

inspection of the S0 → S1 NTOs of TX-AA, where no additional group is present

between the thioxanthone core and the acetic acid side group.

4.6. Kinetic and Thermodynamic Properties of Reactions

After the successful generation of UV-Vis spectra of the thioxanthone acetic acid

derivatives and the determination of the functional and basis set to be used in fur-

ther calculations, we have modelled the radical formation and the initiation reactions

of thioxanthone acetic acid based radicals (TX-AAexo, TX-NH-AAexo, TX-O-AAexo,

TX-S-AAexo) with endocylic radicals (TX-AAendo, TX-NH-AAendo, TX-O-AAendo, TX-

S-AAendo). Additionally, initiation reactions of phenyl acetic acid based radicals (co-

initiators) (PHCexo, PHNexo, PHOexo and PHSexo) and the thioxanthone (Type II pho-

toinitiator) (TXendo) have been modelled. The following sections are dedicated to these

reactions.

4.6.1. Radical Formation Reactions

If you refer to Figure 4.1 and 4.2, an intermolecular H-abstraction have been

proposed for thioxanthone acetic acid derivatives and phenyl acetic acid derivatives

followed by decarboxylation. In Figure 4.12, overall reactions of radical formation are

given.
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Figure 4.12. Overall radical formation reactions of (a) thioxanthone acetic acid

derivatives and (b) phenyl acetic acid derivatives (X:NH, O, S).

We have calculated the overall reaction Gibbs free energy of these reactions to be

able to compare thermodynamic properties of the radical formation reactions. Table

4.12 summarizes the overall reaction Gibbs free energies of radical formation, calculated

with B3LYP/6-31+G(d,p) for S: 6-311++G(3df,3pd) in DMF.

Table 4.12. Overall reaction Gibbs free energies (∆Go
rxn, kcal/mol) of radical

formation.

Molecule ∆Go
rxn Molecule ∆Go

rxn

TX-AA 32.52 PHC 33.07

TX-NH-AA 34.73 PHN 34.15

TX-O-AA 40.16 PHO 40.09

TX-S-AA 34.57 PHS 35.71

Radical formation reactions consist of multiple steps; excitation to triplet state,

intermolecular hydrogen abstraction followed by decarboxylation and the subsequently

radical formation. Overall reactions for all species have possessed a strong endergonic

character (Table 4.12). It is widely known that, radical formation by irradiation is

an endergonic process where the required energy is provided by a light source. Our

findings correlate with this common knowledge.
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4.6.2. Initiation Reactions

Radical formation reactions are endergonic reactions where the structural design

and complexity of the side groups can affect the endergonic character of the overall

reaction. However, the driving energy can be easily provided by the light sources.

If the energy of the light source is not efficient, variety of the parameters can be

utilized to initiate the radical formation reactions such as; changing the wavelength,

changing the distance between the light source and the reaction media, total time

of irradiation and more. In any case, radical formation of the photoinitiator can be

accomplished. On the other hand, formed radicals take over the overall performance

of the photopolymerization, by their initiation capabilities, once they are formed.

We have modelled the initiation reactions and calculated spin densities of all

possible radicals that can co-exist in the reaction media. Exocyclic and endocyclic

radicals of thioxanthone acetic acid derivatives, exocyclic radicals of the phenyl acetic

acid based co-initiators and the endocyclic radical of non-functionalized thioxanthone

(Type II photoinitiator) have been modelled step by step. Initiation capabilities of

these radicals have been compared within the same photoinitiator types also between

the One-Component Type II system and Type II system by the comparison of the

calculated kinetic and thermodynamic parameters.

Reactions rate constants have been calculated by the Eyring’s Equation (Equation

4.1) [90].

k =
kB · T

h
· RT
P0

· e−∆G‡/RT (4.1)

where k is reaction rate constant (L.mol−1.s−1), kB is Boltzmann’s constant (1.38065 x

10−23 J.K−1), T is temperature (298.15 K), h is Planck’s constant (6.62608 x 10−34 J.s),

R is ideal gas constant (8.31447 J.K−1.mol−1 and 8.20574 x 10−2 L.atm.K−1.mol−1),

P0 is pressure (1 atm), ∆G‡ is the calculated Gibbs free energy of activation [90].
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Kinetic and thermodynamic parameters of modelled reactions (Figure 4.5), calcu-

lated with B3LYP/6-31+G(d,p) for S: 6-311++G(3df,3pd) in DMF, are given in Table

4.13 which includes the activation energy (∆G‡) in kcal/mol, imaginary frequency (v)

of transition state in cm−1, rate constant (k) in L.mol−1.s−1, C-C distance in transition

state (d(C-C)) in Å, overall reaction enthalpy (∆Ho
rxn) in kcal/mol and overall Gibbs

free energy (∆Go
rxn) in kcal/mol.

Table 4.13. Kinetic and thermodynamic parameters of exocyclic and endocyclic

radical attack reactions of thioxanthone and phenyl acetic acid derivatives.

Overall

Molecule ∆G‡ v k d(C-C) ∆Ho
rxn ∆Go

rxn

TX-AAexo 18.72 -425.70 2.88 2.27 -13.62 -2.28

TX-NH-AAexo 15.30 -204.00 9.27 x 102 2.41 -16.50 -4.14

TX-O-AAexo 15.60 -228.33 5.58 x 102 2.44 -24.28 -11.41

TX-S-AAexo 17.92 -324.68 11.1 2.34 -18.97 -6.40

TX-AAendo 27.50 -513.59 1.06 x 10−6 2.11 2.40 16.41

TX-NH-AAendo 27.13 -503.47 1.97 x 10−6 2.10 2.43 16.39

TX-O-AAendo 27.50 -507.82 1.06 x 10−6 2.11 2.50 15.80

TX-S-AAendo 27.57 -512.65 9.39 x 10−7 2.12 2.41 16.60

PHCexo 18.61 -416.50 3.47 2.27 -13.76 -2.53

PHNexo 14.86 -185.44 1.95 x 103 2.43 -16.49 -4.81

PHOexo 14.92 -219.48 1.76 x 103 2.44 -23.84 -11.83

PHSexo 17.86 -314.67 12.3 2.35 -18.96 -7.54

TXendo 27.20 -513.33 1.75 x 10−6 2.11 2.32 16.39

As it can be seen in Table 4.13, TX-AAexo, TX-NH-AAexo, TX-O-AAexo, TX-S-

AAexo radical attack to the monomer activation energies are in the range of 15.30 -

18.72 kcal/mol whereas the TX-AAendo, TX-NH-AAendo, TX-O-AAendo, TX-S-AAendo

radical attack to the monomer activation energies are in the range of 27.13 - 27.57

kcal/mol. Overall reaction enthalpies and Gibbs free energies indicate an exergonic

reaction behavior for all exocyclic radicals.
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Even though experimental studies have proposed that the endocyclic radicals may

lead to side product formation in same reaction conditions, activation energy of endo-

cyclic radicals are ≈10 kcal/mol higher than the one for exocyclic radicals. Therefore,

competition between these radicals are in favor of exocyclic radicals and endocyclic

radical attack to monomer is unlikely to occur in the same reaction conditions.

Rate constants of radical attack to monomer reactions of all exocyclic radicals are

about 107-108 times greater compared to the endocyclic radicals of the same species.

≈10 kcal/mol activation energy difference leads to a huge gap between the rate con-

stants of radical attack to monomer reactions.

Even though, thioxanthone acetic acid derivatives differ from each other by the

presence of NH group, O and S atom, their endocyclic radicals show similar properties

whereas their exocyclic radicals differ from each other in terms of kinetic and thermo-

dynamic parameters. Kinetic and thermodynamic parameters of TXendo radical that

forms in the Type II photoinitiation system with phenyl acetic acid derivatives also

must be considered to make comparisons. In contrast to the endocyclic radicals of

thioxanthone acetic acid derivatives, there is no side group attached to the thioxan-

thone core but TXendo radical also shows similar properties with the endocyclic radicals

of thioxanthone acetic acid derivatives.

By considering the side group similarities of different thioxanthone based radicals,

one can conclude that the side group functionality has no effect on the kinetic and

thermodynamic parameters of the endocyclic radicals but has effect on the exocyclic

radicals of the thioxanthone acetic acid derivatives.

Potential energy surface (PES) of TX-AAexo radical attack to the MMA (Figure

4.13) represents the same exergonic character of all exocyclic radical reactions whereas

the potential energy surface of TX-AAendo radical attack to the MMA (Figure 4.14)

represents the same endergonic character of all endocyclic radical reactions.
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Figure 4.13. PES of TX-AAexo radical attack to MMA.

Figure 4.14. PES of TX-AAendo radical attack to MMA.
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Spin densities and radical Fukui functions are important parameters which can

be useful for assessing the radical reactivity. We have calculated the spin densities and

radical Fukui functions of initiating radicals with NPA. Spin densities of the formed

radical intermediates after radical attack to monomer have been calculated concurrently

(Figure 4.15) (Table 4.14).

Figure 4.15. Radicalic centers in initiation reactions of (a) and (b) thioxanthone

acetic acid derivatives and (c) phenyl acetic acid derivatives.

As it can be seen in Table 4.14, spin densities and radical Fukui function values of

exocyclic radicals are similar both for thioxanthone and phenyl acetic acid derivatives.

However, spin densities and radical Fukui function values of endocyclic radicals are

significantly lower than the exocyclic radicals. It should be also noted that the spin

density of the radical, which forms after the endocyclic radical attack (intermediate),

is larger than its corresponding endocyclic radical.
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Table 4.14. Spin densities and radical Fukui function values of initiating radicals and

spin densities of the intermediates calculated with NPA (B3LYP/6-31+G(d,p) for S:

6-311++G(3df,3pd) in DMF).

Fukui Function Spin Density

Molecule f0
k Radical Intermediate

TX-AAexo 0.354 0.702 0.732

TX-NH-AAexo 0.393 0.760 0.719

TX-O-AAexo 0.454 0.881 0.736

TX-S-AAexo 0.386 0.787 0.734

TX-AAendo 0.197 0.433 0.721

TX-NH-AAendo 0.188 0.422 0.715

TX-O-AAendo 0.190 0.423 0.720

TX-S-AAendo 0.196 0.433 0.723

PHCexo 0.408 0.720 0.730

PHNexo 0.478 0.763 0.714

PHOexo 0.556 0.878 0.732

PHSexo 0.436 0.787 0.730

TXendo 0.197 0.433 0.721

We have carried out regression analyses between the spin densities and radical

Fukui function values vs. ∆G‡ (Figure 4.16 to 4.19) to understand whether these find-

ings can be utilized for the determination of the activation energies by only calculating

the spin densities and/or the radical Fukui functions of the initiating radicals.

A good correlation have been established between the spin densities and radical

Fukui function values vs. ∆G‡. Including only thioxanthone based radicals have re-

sulted R2 values of; 0.96 for spin density vs. ∆G‡ (Figure 4.16) and 0.97 for radical

Fukui function values vs. ∆G‡ (Figure 4.17). However, including phenyl acetic acid

based radicals have resulted slightly lower R2 values of; 0.95 for spin density vs. ∆G‡

(Figure 4.18) and 0.92 for radical Fukui function values vs. ∆G‡ (Figure 4.19).
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Figure 4.16. Correlation between spin densities and ∆G‡ of thioxanthone based

initiating radicals.

Figure 4.17. Correlation between radical Fukui function and ∆G‡ of thioxanthone

based initiating radicals.
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Figure 4.18. Correlation between spin densities and ∆G‡ of thioxanthone and phenyl

acetic acid based initiating radicals.

Figure 4.19. Correlation between radical Fukui function and ∆G‡ of thioxanthone

and phenyl acetic acid based initiating radicals.
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If we look at the overall parameters of initiation reactions, phenyl acetic acid

based radicals are in good agreement with the exocyclic thioxanthone acetic acid based

radicals. Among the species investigated, differences between the activation energies,

rate constants, overall reaction enthalpy and free energy values are minimum. These

results indicate that One-Component Type II systems have same efficiency with the

conventional Type II systems in terms of radical attack kinetics and overall thermody-

namic parameters.

Photophysical advantages of thioxanthone acetic acid derivatives such as more

capability of light absorption in a wide range of light spectrum and having same kinetic

efficiency of radical attack to the monomer, make thioxanthone acetic acid derivatives

a good candidate for the replacement of conventional Type II systems.
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5. CONCLUSION

This study can be described as a theoretical and complementary study for the

determination of the photophysical, kinetic and thermodynamic properties of the One-

Component Type II thioxanthone acetic acid photoinitiators which have been synthe-

sized over many years.

In this study, we have successfully defined the best methodology to represent the

thioxanthone based molecules in DFT calculations by assessing the level of theory and

generating experimentally-comparable absorption spectra. We propose the usage of

B3LYP/6-31+G(d,p) and adding extra basis set (6-311++G(3df,3pd)) for S atom for

thioxanthone based molecules. The determined methodology for thioxanthone based

molecules could lead to the application of the methodology in different studies where

the thioxanthone derivatives are utilized for different purposes.

Competition between exocyclic and endocyclic radicals of thioxanthone acetic

acid derivatives have been investigated in terms of kinetic and thermodynamic pa-

rameters. It has been found that the difference between the exocyclic radical attack

and endocyclic radical attack to monomer activation energy is significant in the same

reaction conditions. Thus, the radical attack of exocyclic radical is favorable in each

modelled reaction. This finding also supports the proposal of Arsu et al. where they

have proposed that exocyclic radicals are responsible for the initiation of the polymer-

ization reactions.

We were also able to compare the One-Component Type II and conventional Type

II systems. We have observed similar activation energies, exergonic reaction behav-

iors, spin densities and radical Fukui function values of the radicals in the initiation

reactions. For this reason, we believe that One-Component Type II photoinitiators can

be as effective as the conventional Type II photoinitiators.
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Regression analyses have suggested a predictive approach for the determination

of the activation energies by only calculating the spin density and/or the radical Fukui

function of the initiating radicals.

Once and for all, we believe that we have successfully proposed a stepwise ap-

proach for the determination of the initiation efficiency of thioxanthone acetic acid

based One-Component Type II photoinitiators and this approach can be utilized in

computational calculations before moving to wet-lab experiments since the available

chemical knowledge related to the overall performance of a designed photoinitiator

could save energy and resources.
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APPENDIX A: GROUND STATE GEOMETRIES

Optimization calculations have been carried out with B3LYP/6-31+G(d,p) for

S: 6-311++G(3df,3pd) in DMF. After preparing the initial input of the structure,

preliminary optimization calculations have been carried out accordingly. 360◦ dihedral

scan calculations (12 steps with 30◦) have been conducted on the initially optimized

structures for all possible rotations of the bonds. After scan calculations, the minimum

energy conformers have been selected for further optimization calculations to obtain

the final minimum energy conformer.

The approach mentioned above, has been broadened for the transition state struc-

tures and the intermediate structures. For transition state and intermediate structures,

360◦ scan calculations of C-C bond centered dihedral (between the vinylic C of MMA

and the radical C of the initiator) have been carried out to check the existence of a

possible minimum energy conformer.

In conjunction with the transition state search, intrinsic reaction coordinate (IRC)

calculations have been conducted for the verification of the correct transition state

structures. Forward and backward IRC calculations have been carried out by the ob-

tained transition state structures. Conformers that were generated in IRC calculations

have been retrieved and optimized. Thus, the pre-reactive complex and the intermedi-

ate structures have been obtained.

In Tables A.1 to A.4, optimized ground state structures of the initiation reactions

of exocyclic radicals of thioxanthone acetic acid derivatives are given. In all exocyclic

radical reactions, planar shape of the thioxanthone core has been observed.
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Table A.1. Optimized ground state geometries of TX-AAexo radical attack to MMA

(B3LYP/6-31+G(d,p) for S: 6-311++G(3df,3pd) in DMF).

Name Structure

Reactant 1

Reactant 2

Pre-Reactive Complex

Transition State

Intermediate
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Table A.2. Optimized ground state geometries of TX-NH-AAexo radical attack to

MMA (B3LYP/6-31+G(d,p) for S: 6-311++G(3df,3pd) in DMF).

Name Structure

Reactant 1

Reactant 2

Pre-Reactive Complex

Transition State

Intermediate
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Table A.3. Optimized ground state geometries of TX-O-AAexo radical attack to

MMA (B3LYP/6-31+G(d,p) for S: 6-311++G(3df,3pd) in DMF).

Name Structure

Reactant 1

Reactant 2

Pre-Reactive Complex

Transition State

Intermediate
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Table A.4. Optimized ground state geometries of TX-S-AAexo radical attack to MMA

(B3LYP/6-31+G(d,p) for S: 6-311++G(3df,3pd) in DMF).

Name Structure

Reactant 1

Reactant 2

Pre-Reactive Complex

Transition State

Intermediate
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In the case of endocyclic radical reactions (Table A.5 to A.8), a non-planar bended

butterfly shape of the thioxanthone core has been observed. This bending phenomenon

has been previously reported also by Beni et al. [45].

Table A.5. Optimized ground state geometries of TX-AAendo radical attack to MMA

(B3LYP/6-31+G(d,p) for S: 6-311++G(3df,3pd) in DMF).

Name Structure

Reactant 1

Reactant 2

Pre-Reactive Complex

Transition State

Intermediate
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Table A.6. Optimized ground state geometries of TX-NH-AAendo radical attack to

MMA (B3LYP/6-31+G(d,p) for S: 6-311++G(3df,3pd) in DMF).

Name Structure

Reactant 1

Reactant 2

Pre-Reactive Complex

Transition State

Intermediate
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Table A.7. Optimized ground state geometries of TX-O-AAendo radical attack to

MMA (B3LYP/6-31+G(d,p) for S: 6-311++G(3df,3pd) in DMF).

Name Structure

Reactant 1

Reactant 2

Pre-Reactive Complex

Transition State

Intermediate
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Table A.8. Optimized ground state geometries of TX-S-AAendo radical attack to

MMA (B3LYP/6-31+G(d,p) for S: 6-311++G(3df,3pd) in DMF).

Name Structure

Reactant 1

Reactant 2

Pre-Reactive Complex

Transition State

Intermediate
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For the exocyclic radical attack reactions of phenyl acetic acid derivatives, same

approach (discussed at the beginning of the appendix) for obtaining the minimum

energy conformers have been used. Exocyclic radicals of phenyl acetic acid derivatives

have shown a planar shape of the main phenyl cores (Table A.9 to A.12).

Table A.9. Optimized ground state geometries of PHCexo radical attack to MMA

(B3LYP/6-31+G(d,p) for S: 6-311++G(3df,3pd) in DMF).

Name Structure

Reactant 1

Reactant 2

Pre-Reactive Complex

Transition State

Intermediate



89

Table A.10. Optimized ground state geometries of PHNexo radical attack to MMA

(B3LYP/6-31+G(d,p) for S: 6-311++G(3df,3pd) in DMF).

Name Structure

Reactant 1

Reactant 2

Pre-Reactive Complex

Transition State

Intermediate
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Table A.11. Optimized ground state geometries of PHOexo radical attack to MMA

(B3LYP/6-31+G(d,p) for S: 6-311++G(3df,3pd) in DMF).

Name Structure

Reactant 1

Reactant 2

Pre-Reactive Complex

Transition State

Intermediate
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Table A.12. Optimized ground state geometries of PHSexo radical attack to MMA

(B3LYP/6-31+G(d,p) for S: 6-311++G(3df,3pd) in DMF).

Name Structure

Reactant 1

Reactant 2

Pre-Reactive Complex

Transition State

Intermediate
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Endocyclic radical of thioxanthone have possessed similar characteristic with the

endocyclic thioxanthone acetic acid derived radicals. A non-planar bended butterfly

shape of the non-functional thioxanthone core has been re-observed (Table A.13).

Table A.13. Optimized ground state geometries of TXendo radical attack to MMA

(B3LYP/6-31+G(d,p) for S: 6-311++G(3df,3pd) in DMF).

Name Structure

Reactant 1

Reactant 2

Pre-Reactive Complex

Transition State

Intermediate


