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ABSTRACT

Organic peroxides are known to have important roles in many chemical and
biochemical processes e.g. as intermediates in the oxidation of various hydrocarbons
with oxygen, as initiators of free-radical polymerization and cross-linking agents, in
lipid oxidation, and in DNA damage and mutation. Thus, study of the organic peroxides
and their radicals are of fundamental interest and importance. Although several reaction
pathways after dissociation of organic peroxides have been successfully identified using
time-resolved optical absorption spectra, interpretation of these data can be complicated
due to spectral overlap of parent molecules, intermediates, and products. Therefore, a
combined experimental-theoretical investigation is necessary in case of complex or less
studied systems.

In this study, we tried to identify the thermal dissociation pathways in
photodissociation of diethyl peroxide, di-tert-butyl peroxide and dicumyl peroxide by
locating all local minima and the connecting transition states in their photochemical
dissociation.

We used DFT approach with M06-2X functional which was found to be suitable for
calculations of equilibrium geometries, relative energies and electronic excitation
energy values. We compared calculated DFT energies with CCSD(T) level energies
which was shown to have no additional information.

As observed experimentally, methyl radical abstraction is the main dissociation
mechanism for studied peroxides after O-O bond breaking. This reaction was found to
have the least activation energy in all studied peroxides.

By locating all local minima and transition states for the secondary reactions, we are
able to construct the energy landscapes of the peroxide dissociation and their general
characteristics.

For our results to be comparable to experimental time-resolved UV-Vis absorption

spectra, we used TDDFT/PCM method for calculating electronic excitation energies in
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the presence of acetonitrile and ethanol solvents. Shifts in electronic excitation energies

of studied radicals in these solvents were found to be similar and negligible.
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OZET

Organik peroksitler, birgok kimyasal ve biyokimyasal siiregte karsimiza
cikmaktadirlar. Ornegin; hidrokarbonlarin oksidasyonundaki ara iiriinler, serbest radikal
polimerizasyon baslaticilari, ¢apraz baglama maddeleri gibi malzemelerde, lipid
oksidasyonunda, DNA hasar1 ve mutasyonunda peroksitler onemli rol oynamaktadirlar.
Bu nedenle, organik peroksitler ve bunlardan olusan radikallerinin anlagilmasi énemli
bir problem olusturmaktadir. Her ne kadar baz1 organik peroksitlerin bozunmalarindan
olusan tepkimelerin mekanizmalari, zamana bagli optik spektroskopik yontemlerle
anlasilmis ise de, bu verilerin yorumlanmasi ana molekiillerin, ara {iriinlerin ve son
tiriinlerin spektrumlarinin ortiismesi nedeniyle ¢cok zor olmaktadir. Bu durumda, hem
daha karmasik hem de nispeten az ¢alisilmis sistemlerin teorik ve deneysel
incelemelerinin yapilmasi ve birlestirilmesi gerekmektedir.

Bu c¢alismada, dietil peroksit, di-tert-butil peroksit ve dikiimil peroksit igin
fotokimyasal bozulma esnasinda olusabilecek tiim yerel minima ve gecis hallerini
belirleyerek parcalanma ve 6tesindeki tepkime mekanizmalarini saptamaya c¢alistik.

MO06-2X fonksiyoneli kullanilarak yapilan DFT hesaplarmin denge konumlarinin
buldugu, goreceli enerjileri ve elektron uyarilma enerji degerlerini olduk¢a dogru
hesapladigi hem literatiirde verilmistir hem de hesaplarimizda gozledik. Hesapladigimiz
DFT enerjilerini CCSD(T) enerjileri ile karsilastirdik ve CCSD(T) enerjilerinin
herhangi bir ek bilgi saglamadigini gosterdik.

Deneysel olarak da gozlemlendigi gibi, metil radikalinin c¢ikis1 inceledigimiz
peroksitlerde O-O baglarinin kirilmasindan sonraki temel tepkimedir. Bu tepkime
incelenen tiim peroksitlerde en diisiik aktivasyon enerjisine sahiptir.

Ikincil tepkimelerde olusabilecek biitiin minimum enerji yapilar1 ve gegis hallerini
bularak, peroksit parcalanmalarindaki enerji haritalarin1 ve bunlarin genel davranislarini
elde ettik.

Sonuglarimizin zamana bagl alinan optik spektrumlar ile karsilastirabilir olmasi igin,

asetonitril ve etanol ¢ozeltileri igindeki elektron uyarilma enerjilerinin hesaplanmasinda



TDDFT/PCM metodu kullanildi. Incelenen radikallerin bu ¢ozeltiler igerisindeki
elektron uyarilma enerjilerindeki kaymalarinin benzer ve ihmal edilebilir oldugu

bulundu.
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Chapter 1: Introduction

Chapter 1

INTRODUCTION

1.1 Organic peroxides

Organic peroxides are chemical compounds with one or more O-O bonds. They can
be considered as derivatives of hydrogen peroxide in which the hydrogens are
substituted by organic groups (ROOR') [1].

Studies of the organic peroxides and their radicals are of fundamental interest and
importance due to their role as intermediates in the oxidation of hydrocarbons with
molecular oxygen [2], as initiators of free-radical polymerization [3], and as cross-
linking agents [4]. They are also involved in many biochemical processes such as lipid
oxidation [5], and DNA damage and mutation [6; 7]. Therefore, various aspects of their
structures [8], thermochemical properties [9], and dissociation [10] have been studied
over the years by many researchers.

The characteristic feature of peroxide compounds is their weak [11] covalent O-O
bond which makes them thermochemically and photolytically unstable. Extensive
literature exists on thermal peroxides decomposition [12-16]. But, it was only recently
that development in ultra-fast laser techniques made it possible to study the
unimolecular photo-dissociation of the molecules and consecutive reactions with
sufficient resolution in femto-/pico-second time scale [17]. It is already established that
this approach can be successfully employed for investigation of reactions in organic
peroxides [18]. But currently most of the literature in this field are limited to diaroyl

peroxides, peroxyesters, and peroxycarbonates [19-22].
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Although several reaction pathways after dissociation of organic peroxides have
been successfully identified using time-resolved optical absorption spectra,
interpretation of these data can be complicated due to spectral overlap of parent
molecules, intermediates, and products. Consequently, a combined experimental-
theoretical investigation is necessary in case of complex or less studied systems [23;
24].

Our goal in this study is to identify the thermal dissociation pathways by locating all
local minima and the connecting transition states which may be produced during the
photochemical dissociation of few important organic peroxides. The energy landscapes

of these processes are studied by accurate quantum chemical calculations.
1.2 Quantum calculations

1.2.1 Time-independent non-relativistic Schrodinger equation
The main goal the of most quantum chemical approaches is to find the approximate

solution of time-independent, non-relativistic Schrodinger equation [25]:
Hy =Ey (1.1)
where, H is the Hamilton operator for a molecular system consisting of M nuclei

and N electrons in the absence of magnetic or electric fields, ¥ is the total wave

function and E is energy eigenvalue.

1.2.2 Born—-Oppenheimer approximation
Born—Oppenheimer approximation [26] states that, the motion of electrons in a
molecule is much faster than that of the nuclei, therefore we can assume the positions of
nuclei to be fixed in our calculations. This means that we can separate the nuclear and
electronic terms in the Schrodinger equation and solve the equation for nuclei with
fixed positions. Thus, only the electronic part of complete Hamiltonian (eq. 1.1) is

relevant:
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5 N M ZA N N 1
eleL =__ZV er_ er_ (12)
i=1 A=1 Ti4 =l j>

y

where, V7 is the Laplacian operator for the i-th electron, Zy is the nuclear charge of

atom A, 1is is distance between the nucleus A and electron i and rj is the distance

between electrons i and j. The solution of the Schrodinger equation with electronic

Hamiltonian (

(Eelec) .

) is the electronic wave function (W) and the electronic energy

elec

A

H elecv/elec = Eelecy/elec (1 3)

1.2.3 Hartree-Fock approximation
We need further approximations to solve the obtained electronic Schrédinger
equation. The simplest one is to assume electrons move independent of each other.
Hartree-Fock (HF) approximation [27; 28] is method of approximating the N-electron
wave function solution of (eq. 1.3) by an antisymmetrized product of N orthonormal
one-electron wave functions (spin-orbital). This product is called Slater determinant
[29]:
PN A OB A()
yoL 2 »2 - 2,0
NI : . : (1.4)

ZI(N) zz(N) Z,;(N)

where, y,1s a spin-orbital which is product of spatial orbital and a spin function.

Slater determinants automatically ensures that we are obeying the Pauli exclusion
principle [30], by collapsing wave function when any two electrons in a system have
the same quantum numbers.

Initial guess for calculations can be obtained by various methods such as using
Harris functional [31] or extended Hiickel method [32]. Then, self-consistent-field

equations (SCF) [33; 34] can be used to get a set of molecular orbitals with lower
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expectation value of the Hamiltonian operator (£ =<l//|[:[ |t//>) which according to

variational principle [35] is a better representative of system than the initial guess. SCF
procedure repeats until the generating orbitals get self-consistent with the Fock matrix
they are generated from.

Although the results obtained from HF method are very useful in many situations, it
is not always quantitatively or sometimes even qualitatively correct. Lots of different
methods have been developed to recover the missing electron correlation in HF
approximation for improving the accuracy of its results. Moller—Plesset perturbation
theory (MP) [36], configuration interaction (CI) [37], and coupled-cluster (CC)
approaches [38; 39] are a few of these attempts.

1.2.4 Density functional theory

Density functional theory (DFT) provides a conceptually alternative approach to
include electron correlation. In DFT, the many-body effect of electron correlation is
modeled by a function of the electron density instead of the many-electron wave
function.

Hohenberg and Kohn [40] were first to show that electronic ground state energy
from Schrodinger equation is a unique functional of the electron density. They also
proved that this functional is variational. The ground state electronic energy of a system
composed of n electrons and N nuclei in Kohn-Sham formalism [41] can be written as:

E[p]= —%gjw?(n)vf% (), —;Jf—jp(n)dn +%ﬂMdndrz

4P

+E[p] (L.5)

where, W; are the Kohn-Sham orbitals, the first term is kinetic energy of the
electrons by neglecting their interactions, the second term is due to nucleus-electron
interactions, the third term accounts for the Columbic repulsions between two charge

distributions positioned at r; and 1, and the last term, known as the exchange-
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correlation (XC) is correction to the kinetic energy due to electrons interactions, and
also all non-classic corrections to the electron-electron repulsion energy.

DFT in the Kohn—Sham formulation is formally an exact many-body quantum
mechanical theory for the ground-electronic-state properties of a system. However, it
depends on an unknown (“very complicated and essentially uncomputable” [42])

universal XC functional (density functional) that can only be approximated. One may
write XC as a separable function £~ [p] =F X[p]+ E€ [p] in which the exchange energy

(E®) part of functional corrects the spurious self-interaction of one electron with itself
while the correlation energy (E®) part accounts for the effects of Coulomb correlation
upon the many electron wave function [43].

DFT approach can be viewed as method to converts an eigenvalue problem from 3N
into just 3 spatial coordinates. The most important advantage of using DFT instead of
HF calculations is its ability to get reliable results with significant improvement over
those obtained from the HF in a comparable time [44].

Conventional formulations of SCF theory, such as the Roothaan-Hall [33; 34] and
Kohn-Sham [41] methods involve N° Eigen solution of an effective single-particle
Hamiltonian or Fockian in an orthogonal representation, where N is the number of basis
functions. The computational cost of a HF calculation is dominated by the N* cost of
constructing the Fock matrix, but in large systems where the diagonalization step is the
limiting process, it ultimately reduces to N [45]. Calculation of Fock matrix is also the
limiting factor in the hybrid HF/DFT treatment of large systems [46]. Although
numerous algorithms have been developed for decreasing the necessary computational
effort in DFT and HF calculations, but still in most of the modern quantum chemistry
packages both of these methods have more or less similar computational complexity

[47].

1.2.5 DFT functionals
The local density approximation (LDA) is the simplest approach to represent the XC

functional. In this approach, the XC energy at any point in space is assumed as only a
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function of the electron density at the same point in space. A homogeneous electron gas
of the same density is used for these calculations [41].

Generalized gradient approximation (GGA) methods account for spatial
inhomogeneity of electron density by making the XC energies dependent on the density
and its gradient in space [48]. Non-separable gradient approximation (NGA) methods
have the same assumptions as GGA but their XC term is not separable [49].

Meta-GGA (mGGA) functionals depend on higher orders of electron density
gradients, or the kinetic energy density, which incorporates derivatives of the occupied
Kohn-Sham orbitals into the XC [50].

Hybrid density functional (hGGA) methods combine the XC of a GGA method with
a predefined percentage of HF exchange [51]. This amount is considered to be constant
in global hybrid functionals but range-separated hybrid functionals consider it to be
different for short-range and long-range interactions based on the inter-electronic
distance [52].

Hybrid-meta GGA methods (hmGGA) are hybrid density functionals which use
mGGAs instead of standard GGAs. Thus, these functionals depend on the HF

exchange, the electron density and its gradient, and the kinetic energy density [53].

1.2.6 Basis set

Electronic structure calculations on molecules make the assumption that molecular
wave functions can be represented as the linear combination of atomic orbitals (LCAQO)
[54].

A basis set contains a finite number of basis functions which is used for
combination to give the molecular wave functions. The minimal basis set is the set that
incorporates only the orbitals actually populated by electrons.

Nuclear-centered Slater [55] or Gaussian-type functions [56] are two of the most
widely used function types for molecular systems. The resulted orbitals using these
functions are named as Slater type orbital (STO), and Gaussian type orbital (GTO),

respectively. Although STO exhibits the correct discontinuous derivative (Kato’s cusp
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condition [57]) at r — 0, unlike GTO which has a slope of zero at this point, but
Gaussian functions are preferred due to existence of analytical solutions for calculations
of three- and four-center two-electron integrals.

Currently, the most widely used Gaussian basis sets are Pople basis sets [58; 59],

correlation-consistent basis sets [60; 61], and Karlsruhe basis sets [62].

1.2.7 Geometry optimization
In quantum chemical calculations usually the first step requires optimization of the
molecular geometry to find characteristic stationary point structures (e.g. equilibrium

geometry, transition state structure, etc.) on potential energy surface (PES).

1.2.7.1 Equilibrium geometry
Equilibrium geometry of a molecule is considered as minima on the PES. There are
three general categories of optimization methods for finding these minima. These
methods depend on local slopes (gradients) of PES and/or its curvatures (Hessians):

1. Steepest descent: A series of energy evaluations are done in negative gradient
direction. Once the energy starts to increase, approximate minimum can be
found by interpolation between the calculated points on PES [63].

2. Conjugated gradient: In each step, a new search direction is chosen such that it
lowers the energy while staying at or near the minimum in the earlier followed
search direction [64].

3. Newton-Raphson: PES is approximated by a local quadratic function and its
minimum is found in the steepest descent direction. But as the PES is usually
non-quadratic, minimization of energy on approximated PES must be done
iteratively in order to converge to a minimum [65].

Various optimization algorithms based on natural [66], redundant [67], or

delocalized [68] internal coordinates have been already developed. Using these
coordinate for optimization of molecular geometries is generally much more efficient

than using Cartesian coordinates system. The efficiency of different methods can be
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compared based on the number of optimization cycles needed to find a stationary point
[69; 70].

Once a minimum energy configuration is found, the eigenvalues of the Hessian at
this geometry must be computed. At a true local minimum, all eigenvalues must be

positive.

1.2.7.2 Transition state
To find the geometry of transition states of a chemical reaction, one must find a
geometry corresponding to a point on PES which satisfies the following criteria [71]:
1. It must be a stationary point.
2. The force constant matrix at that point must have one and only one negative
eigenvalue.
3. It must be the highest energy point on a continuous line connecting reactants
and products to each other.

4. It must be the lowest energy point which satisfies all the three conditions above.

There are various optimization methods for finding TS. The most successful ones
include reaction coordinate approach, synchronous transit, and quasi-Newton methods
[72].

Reaction coordinate approach, tries to find the minimum energy path (MEP)
between the reactants and products. All the maxima along the MEP are saddle points on
the PES, and the energy of the highest saddle point defines the minimum required
energy for the reaction or by definition the activation energy [73].

In the synchronous transit approach, a series of energy calculations are performed
on a set of structures with parameters which are linearly interpolated between a given
reactant and product (linear synchronous transit). The structure with the highest energy
along this path provides a first estimate of the transition state structure and its energy
difference can be considered as activation energy. Then, search in orthogonal direction
to the linear synchronous transit path is performed to find an intermediate for defining a

quadratic synchronous transit pathway [74].
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Quasi-Newton methods for finding transition states work exactly like the method for
finding minima on PES except that they force the Hessian to contain a single negative
eigenvalue [75].

The reaction path can be defined as a line/path on PES which connects the reactants
and products via maximum energy point. If we identify the transition state on PES, this
path can be easily found by searching for the steepest descent path or MEP from this
point toward the reactants and products [76]. If we use mass-weighted Cartesian
coordinates, the obtained path is called the intrinsic reaction coordinate (IRC) [77].
Although, IRC is not the real dynamic behavior of the system in reaction (due to
neglecting the atomic vibrations), it can be used to verify that this TS does indeed

connect the reactants and products of interest [78].

1.2.8 Zero-point vibration energy
Harmonic force constants and consequently vibrational frequencies can be
analytically calculated from approximated wave function in ab-initio methods [79; 80]
and by using Hellmann-Feynman theorem [81; 82] from electron density in DFT
approach [83].
For comparison with experiment, every method for determining thermodynamic
quantities based on quantum mechanical procedures ultimately requires the addition of

a zero-point vibrational energy (ZPVE) correction to convert the electronic energies
(Eelec) into 0 K heats of formationAHjﬂ. ZPVE is calculated for a harmonic oscillator

model as the half of the sum of fundamental frequencies [84]:
1
ZPVE =Z§hcvi (1.6)

In molecules with large ZPE value, it is essential to go beyond the harmonic
approximation to obtain a reliable ZPVE. The anharmonicity of the fundamental
frequencies can be accounted for by scaling the obtained harmonic frequencies. This
procedure is known to work well due to fairly uniform overestimation of vibrational

frequencies [85; 86].
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1.2.9 Electronic excitation energy
Prediction of the energies of electronic excited states of molecules and transition
probabilities are necessary for interpretation of the UV-Vis absorption spectra. Several
approaches are used for calculations of excitation energies of molecular systems. Most
common ones which can be used in larger systems are configuration interaction singles
(CIS), time-dependent Hartree—Fock (TDHF), and time-dependent density functional
theory (TDDFT) [87].

1.2.9.1 Configuration interaction singles

Configuration interaction (CI) approximation is based on the expanding ground-
state wave function in the excited determinants formed by swapping one or several
occupied orbitals by virtual ones in the Stater determinant. If we move only one
electron in each determinant, the resulted approximation is called a configuration
interaction single-excitation (CIS). CIS calculations give an approximation to the
excited states of the molecule, but according to Brillouin’s Theorem [88] do not change
the ground-state energy. In general, due to missing electron correlation, CIS excitation

energies (like TDHF) are fairly overestimated [89].

1.2.9.2 Time-dependent Hartree-Fock theory

The time-dependent self-consistent field theory (also referred as time-dependent
Hartree-Fock theory (TDHF) or random-phase approximation (RPA)) is an approach to
find an approximate solution of the time-dependent Schrddinger equation and
describing the absorption of radiation [90]. The time-dependent Hartree-Fock equations
approximate the exact time-dependent Schrodinger equation by assuming that the
system under investigation can be represented by a single Slater determinant composed
of time-dependent single-particle wave functions at all times. Generally, TDHF results
are not improved significantly over CIS. Thus, its increased computational cost is not

well justified.
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1.2.9.3 Time-dependent density functional theory

TDDEFT is an extension of DFT as another approach to solution of nonrelativistic
time-dependent Schrédinger equation. It is based on the Runge-Gross theorem [91]
which establishes that in a time-dependent quantum problem, all observables are
functionals of the time-dependent density. Considering the linear-response of a
molecule to a long-wavelength oscillating electric field as a weak perturbation, one
finds simple formulas that correct the KS eigenvalue differences into the optical
excitations of the system, but it requires another unknown functional (XC kernel) [92].

TDDEFT is very popular in the calculation of excited-state properties due to its
ability to give accurate quantitative results for large molecule which unlike correlated
wave function-based methods, such as Multi-Reference Configuration Interaction
(MRCI) [93], Multi-Configurational Self-Consistent Field (MCSCF) [94], Complete
Active-Space SCF (CASCF) [95], and Complete Active Space Second Order
Perturbation Theory (CASPT2) [96] can be obtained at a moderate computational cost.

Calculated excitation energies for open-shell systems with the CIS and TDHF
methods have large errors due to “the multi-determinantal character of the ground and
excited state wave functions of open-shell systems in a HF reference” and instabilities
involved [97]. In these cases, TDDFT can be considered as a zeroth-order theory for
calculations of valence excited states in radicals [98].

The accuracy of TDDFT highly depends on the employed exchange-correlation
functional. Various functionals are known to work well for low-lying valence excited
states. In comparison, TDDFT results usually are significantly improved at equivalent
computational cost when compared with HF based methods such as CIS and TDHF
[99]. TDDFT excitation energies generally have high accuracy with an error in the
order of 1 eV or less; except for few well-known cases such as charge transfer, Rydberg
states, and double excitations.

TDDFT can be used for molecules in which correlated ab initio methods are too
time-consuming [100]. Moreover, several efficient algorithms have been developed

form parallel implementation of TDDFT codes [101] which makes it a suitable choice
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for bigger molecules. In addition, effects of different solvents on electronic excitation
energies can be easily calculated in TD-DFT approach with the help of continuum

models [102] to make the calculation results comparable to real world experiments.

1.2.10 Solvent effects

Liquid solutions have important role in chemistry as many of reactions and
experiments are done in solutions. In most general case, the effects of solvents can be
modeled implicitly by including solvent molecules inside the system under the
consideration or explicitly by considering the average effects caused by them using
continuum models.

The main advantage of using continuum models is tremendous reduction in the
system’s number of degrees of freedom. For example, if we treat 100 molecules of
water solvent explicitly, with this approach 900 additional degrees of freedom have to
be considered for the entire system.

Continuum models based on their approach to determining the solvent reaction
potential and its interaction energy with the charge distribution, can be categorized into

[103]:

[u—

Multipole expansion (MPE) methods,
. Image charge (IC) methods,

2
3. Apparent surface charge (ASC) methods,

4. Finite element methods (FEM), and

5. Finite difference methods (FDM).

Among these methods, ASC and MPE are the most commonly used.

The ASC methods are based on the calculation of an apparent spread charge on the
surface of a cavity, which is acting as a boundary layer between the dielectric solvent
and solute molecule. Calculations based on the ASC methods have remarkable results
with any shape of cavity and when the solvent is uniform, they give a formally exact
solution to the electrostatic problem [104]. Polarizable Continuum Model (PCM) [105]

is the oldest ASC method which is constantly improving [106-108]. This model can be
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solved efficiently [109] and has been successfully integrated into DFT [110] and
TDDFT [102] methods. PCM has been already implemented in various QM
computational packages [111-113].

1.2.11 Parallel computation

Neglecting the worst case scenario of non-converging SCF, the HF algorithm
requires diagonalizing the MxM Fock matrix at O(M3) computational cost [114].
Complexity of DFT method in general is dependent on description of its XC functional
[114; 115]. Complexity of HF calculations is dominant part of the complexity of DFT
calculations using approximate functionals with HF exchange part [116].

Unless more efficient algorithms are found to solve these problems, this complexity
of calculations limits our investigations to few-atomic molecules and/or small basis set
with current performance of the typical computers. A way for somehow circumventing
this obstacle is concurrent use of several processors for our calculations using parallel
algorithms.

Many parallel algorithms have been developed for HF/DFT calculations which their
implementations in well-known QM calculation packages (e.g. NWChem,
TURBOMOLE, Gaussian) show near-linear speedup in parallelization [117-119].

For our calculations, we use a non-uniform memory access (NUMA) machines
which consist of two sockets, each with a 10-core Intel® Xeon® E5-2680v2 processor.
Processors are consisted of 10 Ivy Bridge EP cores which support hyper-threading. The

architecture of machines is shown in figure 1.1.
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Figure 1.1: Configuration of Intel® Xeon®™ processor E5-2600 v2 product family on a two

socket platform.

1.3 Methodology

1.3.1 Functional

An extensive research in quantum chemistry is devoted to develop new functionals
and improve the existing ones. But, the best functional for one application may or may
not be the best for a different application [120].

The evaluation of the performance of density functionals by benchmarking for
desired properties is a crucial step prior to the investigation of a new system. Our
criteria for choosing a functional for our study are its ability to give a reasonably good
description of the molecular geometries and bond breaking energies as well as
electronic excitation energies. The latter criterion is essential for having comparable

results with experimental data from UV-Vis absorption spectra (where applicable).
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Probably the most commonly used functional nowadays is hybrid Becke 3
parameter Lee—Yang—Parr [51; 121] (B3LYP) which gives “unexpectedly” good
description of the molecular geometries in a reasonable time even with small basis sets
[122] which is attributed to systematic error compensation from combining an over-
repulsive hybrid GGA part with a (partly over-binding) medium-range correlation part
[123].

But despite its popularity, B3LYP is known to have many shortcomings [124; 125],
namely in estimation of reaction barrier heights [126; 127] and electronic transition
energies [128] both of which are essential for the purpose of our study.

Zhao and Truhlar [129] reported a comparison of the B3LYP with some new
developed functionals. Their efforts were focused on solving the problems with
transition metals, barrier heights, and weak interactions. They presented Minnesota-06
suit of functionals which “enables computational modeling of diverse chemical
phenomena more reliably than was possible previously”. The Minnesota functional
family currently consists of one mGGA (M06-L [130]), two mNGAs (M11-L [131] and
MNI12-L [132]), seven global hmGGAs (MO05 [133], M05-2X [134], M06-HF [135],
MO06 [136], M06-2X [136], M08-HX [137] and M08-SO [137]), one range-separated
hmGGA (M11 [138]) and one screened-exchange hmNGA (MN12-SX [139]).

Among the current Minnesota functionals, M06-2X functional specifically have
been shown to have a good accuracy in calculating both the ground state geometry and
excited state energies of main group compounds [129; 140-142] when suitable
integration grid is used [143]. It is also a suitable functional for reproducing the
experimental excitation band shapes with TD-DFT approach [144].

To illustrate the concept, we compared the accuracy of MO06-2X functional in
calculations of hydrogen peroxide properties as the simplest peroxide molecule with
SVWN [41; 145], BLYP [121; 146], TPSS [50] and B3LYP functionals as
representatives from different rungs of Jacob’s ladder [147; 148]. Chosen functionals
are popular examples of each level of approximation. All calculations in our study are

carried out using the Gaussian 09 package (EM64L-G09RevD.01) [149].
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The geometry of H,O, molecule is shown in figure 1.2. Parameters for predicted
geometry with lowest energy in DFT calculation using each functional are listed in
table 1.1.

The experimental equilibrium structure of H,O, molecule has also been an issue of
controversy. Dihedral angle 6 of hydrogen peroxide have been reported in the literature
as, 0~111° [150] and 6~119° [151] from experimental data. This inconsistency was
settled by Koput [152] who determined 6=111.83° by solving the torsional Schrodinger
equation for a O-H bond distance of 0.965 A, and fitting his solution to the available
experimental data. Later, other studies [153] also confirmed that 0 is around the value
obtained by Koput. Theoretical studies show that very large basis set (equivalent to aug-
cc-pVTZ or larger) is needed to reproduce the experimental geometry parameters for

hydrogen peroxide [154].

9

Figure 1.2: Geometry of HO, molecule (oo = ZHOOQO , 6=HOOH dihedral angle)
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Table 1.1:  Optimized geometry parameters for HyO, molecule in gas phase with various

functionals using aug-cc-pVDZ basis set.

Functional Type 0-0 (A) 0-H(A) a (deg) 0 (deg)
SVWN LDA 1.429 0.980 101.0 111.1
BLYP GGA 1.489 0.982 99.7 114.3
TPSS mGGA 1.475 0.979 99.7 112.9
B3LYP hGGA 1.451 0.970 100.7 1133

MO06-2X hmGGA 1.422 0.967 101.5 1114
Experimental [152; 153] 1.464 0.965 99.4 111.8

We’ve also calculated the O-O bond dissociation energies with various functionals
using a reasonably large (aug-cc-pVDZ) basis set. The energies are corrected for ZPVE
and basis set superposition error (BSSE). The full counterpoise (CP) Boys and Bernardi
method [155] was used to calculate and correct the energies for the BSSE. The results

are listed in table 1.2.

Table 1.2:  O-O bond dissociation energies calculated with various functionals using aug-

cc-pVDZ basis set.

Functional | Type [ O-O bond dissociation energy (kcal/mol)
SVWN LDA 81.7
BLYP GGA 50.3
TPSS mGGA 48.2
B3LYP hGGA 435
M06-2X | hmGGA 46.8
Experimental [156] 48.8

The results for excitation energy of H,O, molecule and "OH radical with various
functionals using aug-cc-pVDZ basis set are listed in tables 1.3 and 1.4, respectively.
Our results show a good agreement of DFT/TDDFT calculations using M06-2X

functional with available experimental data.
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Table 1.3:  Calculated values for first and second excitation energy and oscillator strength

of H,O, molecule with various functionals using aug-cc-pVDZ basis set.

1st Excited State 2nd Excited State
Functional | Type AE \ (am) Oscillator AE \ (am) Oscillator
(eV) o strength (eV) . strength
SVWN LDA 5.7014 | 217.46 0.0085 5.8259 | 212.82 0.0041
BLYP GGA 4.9892 | 248.51 0.0048 5.5667 | 222.73 0.0032
TPSS mGGA | 5.4428 | 227.80 0.0057 5.9250 | 209.25 0.0036
B3LYP hGGA | 5.7066 | 217.27 0.0050 6.3555 | 195.08 0.0036
MO06-2X | hmGGA | 6.0691 | 204.29 0.0035 6.9075 | 179.49 0.0037
Experimental [157] - - - 6.8880 180 -

Table 1.4:  Calculated values for first and second excitation energy and oscillator strength

of "OH radical with various functionals using aug-cc-pVDZ basis set.

1** Excited State
Functional | Type
AE (eV) | A (nm) | Oscillator strength

SVWN LDA 3.7982 | 326.43 0.0011

BLYP GGA | 4.1928 | 295.70 0.0013

TPSS mGGA | 4.6040 | 269.30 0.0015
B3LYP hGGA | 4.1920 | 295.77 0.0014
MO06-2X | hmGGA | 3.5356 | 350.67 0.0011
Experimental [158] 4.05 |326.84 -

1.3.2 Basis set

While using larger basis sets may increase accuracy of the results towards the

complete basis set limit [159], but due to polynomial computational complexity order of

the most of our calculations, the drastic increase in calculation time may not always

make this extra computational effort worthwhile.

For our calculations, we must choose a basis set which provides the best

representation of the unknown electron density with as small computational cost as
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listed in table 1.5.

possible. We investigated the changes in molecular properties, namely, molecular
geometry, O-O bond energy, excitation energy, and runtime (as an index of
computational cost) for choosing a suitable basis set for our calculations. Changes in

geometrical parameters of H,O, molecule by using different basis sets in calculation are

Table 1.5:  Optimized geometry parameters for HO, molecule in gas phase with TDDFT
method using M06-2X functional.
Basis set 0-0 (A) 0-H (A) a (deg) 0 (deg)
6-31g(d.p) 1.427 0.967 100.7 116.7
6-311g(d.p) 1.424 0.963 101.0 118.3
6-311g(2d.2p) 1.423 0.962 101.1 110.7
cc-pVDZ 1.424 0.970 100.8 1154
cc-pVTZ 1.424 0.963 101.3 112.7
aug-cc-pVDZ 1.422 0.967 101.5 1114
aug-cc-pVTZ 1.423 0.964 101.5 112.1
def2-SVP 1.413 0.967 101.4 118.2
def2-TZVP 1.479 0.979 100.4 155.8
Experimental from
infrared torsional |, ¢y 0.965 99.4 111.8
frequencies [152;
153]

We calculated O-O bond dissociation energies using MO06-2X functional with

various basis sets. The energies are corrected for ZPVE and BSSE. The results are listed
in table 1.6.
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Table 1.6:  O-O bond dissociation energies calculated with different basis sets using M06-

2X functional.
. 0-0 bond dissociation energy

Basis set (keal/mol)
6-31g(d.p) 47.1
6-311g(d.p) 445
6-311g(2d.2p) 46.6
cc-pVDZ 45.7
cc-pVTZ 473
aug-cc-pVDZ 46.8
aug-cc-pVTZ 47.5
def2-SVP 46.7
def2-TZVP 37.6
Experimental [156] 48.8

DFT method with M06-2X functional was used for comparing basis sets due to its
accuracy. Using an accurate functional helps us to keep the errors generated due to
finite size of basis set from being obscured by the errors inherent to approximations and
parameterization of functional.

Calculated excitation energy and oscillator strength of H,O, molecule and "OH

radical by using different basis are listed in tables 1.7 and 1.8, respectively.

Table 1.7:  Calculated values for first and second excitation energy and oscillator strength

of H,O, molecule with TDDFT method using M06-2X functional.

1* Excited State 2 Excited State
1£250% AE Oscillator AE Oscillator
A (nm) A (nm)

(V) strength (eV) strength
6-31g(d.p) 6.1543 | 201.46 0.0002 7.6357 | 162.37 0.0066
6-311g(d.p) 6.0800 | 203.92 0.0007 7.4751 | 165.86 0.0030
6-311g(2d.2p) 6.2630 | 197.96 0.0013 7.4045 | 167.44 0.0068
cc-pVDZ 6.1442 | 201.79 0.0006 7.5513 | 164.19 0.0084
cc-pVTZ 6.2371 | 198.79 0.0015 7.4605 | 166.19 0.0090
aug-cc-pVDZ 6.0691 | 204.29 0.0035 6.9075 | 179.49 0.0037
aug-cc-pVTZ 6.1320 | 202.19 0.0034 6.9950 | 177.25 0.0037
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1* Excited State 2% Excited State
Basts AE Oscillator AE Oscillator
A (nm) A (nm)
(eV) strength (eV) strength
def2-SVP 6.3996 | 193.74 0.0002 7.6578 | 161.91 0.0032
def2-TZVP 4.5385 | 273.18 0.0000 7.0578 | 175.67 0.0005
Experimental
[157] - - - 6.8880 180 -
Table 1.8:  Calculated values for first excitation energy and oscillator strength of "OH
radical with TDDFT method using M06-2X functional.
1** Excited State
Basis
AE (eV) | A (nm) | Oscillator strength
6-31g(d.p) 3.6836 | 336.59 0.0017
6-311g(d.p) 3.6783 | 337.07 0.0021
6-311g(2d,2p) 3.6718 | 337.66 0.0014
cc-pVDZ 3.6471 | 339.95 0.0017
cc-pVTZ 3.6177 | 342.72 0.0014
aug-cc-pVDZ 3.5356 | 350.67 0.0011
aug-cc-pVTZ 3.5783 | 346.49 0.0012
def2-SVP 3.6202 | 342.48 0.0022
def2-TZVP 3.5082 | 35342 0.0037
Experimental [158] | 4.05 326.84 -

Performance of TDDFT calculations highly depend on the number of atoms and

basis set functions. The amount of time needed for TDDFT calculations as implemented

in Gaussian 09 package for first 20 excited states of four simple peroxide molecules on

Lufer cluster of Ko¢ University are listed in table 1.9. All calculations are done using

10 threads on physically separate machines.
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Table 1.9:  Performance of Gaussian 09 package in TDDFT calculations for first 20

excited states on Lufer cluster using 10 nodes.

Molecule Basis set No. of basis functions TDDFT computation time
(d:hh:mm:ss)

Dimethyl peroxide cc-pVDZ 86 00:03:39
Dimethyl peroxide | aug-cc-pVDZ 146 00:11:23
Dimethyl peroxide cc-pVTZ 204 00:17:17
Dimethyl peroxide | aug-cc-pVTZ 322 01:37:08
Diethyl peroxide cc-pVDZ 134 00:09:23
Diethyl peroxide aug-cc-pVDZ 228 00:47:32
Diethyl peroxide cc-pVTZ 320 01:14:55
Diethyl peroxide aug-cc-pVIZ 506 07:02:16
Diisopropyl peroxide cc-pVDZ 182 00:26:54
Diisopropyl peroxide | aug-cc-pVDZ 310 02:06:50
Diisopropyl peroxide cc-pVTZ 436 03:47:40

Diisopropyl peroxide | aug-cc-pVTZ 690 1:00:47:13
Di-tert-butyl peroxide cc-pVDZ 230 00:48:53
Di-tert-butyl peroxide | aug-cc-pVDZ 392 04:15:14
Di-tert-butyl peroxide cc-pVTZ 552 08:02:57

Di-tert-butyl peroxide | aug-cc-pVTZ 874 2:04:57:54

It’s already been shown that diffuse augmented basis sets are essential for electronic
excitation energy calculations [160]. As it can be seen in table 1.9, by increasing the
size of molecule and expanding the basis sets, required time for TDDFT calculation
increases. For augmented basis sets which we intend to use, this increment is more
drastic. Difference between the results from double-zeta and triple-zeta augmented
basis sets (aug-cc-pVDZ and aug-cc-pVTZ) is less than chemical accuracy (commonly
defined as +1 kcal/mol). Thus, we choose aug-cc-pVDZ basis set for our calculations

which seems to have sufficient accuracy and highest computational efficiency.

1.3.3 Geometry optimization
In our study, we used the Berny algorithm which is a quasi-Newton algorithm with

redundant internal coordinates for all of our geometry optimizations which is shown to
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work better than Cartesians or non-redundant internals (e.g., Z-matrix coordinates)
[161; 162].

For finding transition states geometries, quasi-Newton methods usually have a small
radius of convergence because the direction towards the maximum energy on PES is
not known in advance and convergence of optimization algorithm to the desired
transition state is not guaranteed [163]. We employed synchronous transit-guided quasi-
Newton (STGQN) method [164; 165] to find the geometry of transition states.
Combined use of synchronous transit and quasi-Newton methods to locate the transition
states is proposed as an efficient technique for solving these shortcomings.

We did vibrational frequency analysis on all located transition state geometries to
confirm that they have one and only one imaginary frequency and also to get assured
that geometry-optimized radicals/molecules have no imaginary frequency and are really
corresponding to minima on PES. Also, IRC [166; 167] calculations have been done at
the same level to have a verification that the transition states actually connect the

intended local minima.

1.3.4 ZPVE scaling
We calculated the correction factor of ZPVE for M06-2X method with various basis
sets for ZPVE15/10 database [168]. Results of our calculation and experimental values
of ZPVEs for molecules in ZPVE15/10 database are listed in table 1.10. ZPVE scaling
factor (A“"F) can be obtained by least squares method. The reported value for M06-
2X/aug-cc-pVTZ method is 0.971 [168] which is consistent with the results of our

calculations.
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Table 1.10: Calculated ZPVEs for ZVPE15/10 database.

ZPVE (kcal/mol)
Molecule Mo6-2X
Experimental
B ) P ] ol [l -l s
HF 5.86353 5.90404 5.97340 5.94336 5.94859 5.98787 5.96395
H 6.2310 6.42745 6.38760 6.40090 6.38602 6.43122 6.39995
N, 3.3618 3.63308 3.61000 3.61399 3.60625 3.68931 3.61591
F 1.3021 1.59984 1.66441 1.62358 1.66586 1.63750 1.66499
CcoO 3.0929144 3.25869 3.25236 3.23116 3.24820 3.31955 3.26057
OH 5.2915 5.31491 5.39807 5.37265 5.38893 5.38059 5.38257
Cl 0.7983 0.79057 0.82428 0.79641 0.82313 0.75769 0.82748
CO, 7.3 7.5007 7.50862 7.46746 7.49495 7.61241 7.51148
H,O 13.26 13.47386 | 13.54955 13.50555 13.52323 13.54803 | 13.50037
N,O 6.770 7.32362 | 7.29327 7.24470 7.26933 7.42625 7.29079
HCN 10.0 10.49832 | 10.43009 10.34874 10.42403 10.49883 | 10.45401
CH, 16.49 17.23816 | 17.24793 16.87674 17.23681 17.35728 | 17.22357
H,CO 16.1 16.9115 | 16.97116 16.91044 16.95076 17.01054 | 16.96756
NH; 21.200 21.59552 | 21.68515 21.53904 21.63629 21.59266 | 21.66999
CHy 27.710 28.0951 | 28.22651 27.97213 28.21287 28.15171 | 28.22315
AZPE 0.973 0.970 0.979 0.971 0.970 0.971

1.3.5 UV-Vis absorption spectra

To calculate excitation energies of our radicals, we did all our TDDEFT calculations
within the vertical approximation. This means that for estimating the excited state
energies we do the calculations using the optimized ground-state geometry. This
approximation allows us to do calculations on large systems, as a single-point TDDFT
calculation [98].

To simulate absorption spectra from excitation energies, we employed a procedure
similar to the one proposed by Stephens and Harada [169]. Generally, the individual

peaks in UV/Visible absorption spectra can be described by a Gaussian distribution
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function [170]. Thus, we tried to predict the spectrum by fitting calculated excitation

energies to Gaussian shaped bands centered at the excitation energies:

(V)= exp{—(v ;Vij ] (1.7)

where, the i subscript refers to the electronic excitation of interest, vV, is the

excitation energy (in wavenumbers) corresponding to the electronic excitation of

max
i

interest. ™ is the value of &, at the maximum of the band: when the energy of the

incident radiation v is equal to V,. o is the standard deviation in wavenumbers, which

is related to the width of the simulated band. This width is related to the decay rate of

the state and is affected by various factors such as temperature, solvent, etc.

From the relationship between &™ and the dipole strength D, (eq. 1.8) and the

relationship between the dipole strengths D; and oscillator strengths, f; (eq. 1.9):

Dﬂm}@g
Vi

32x7’x N, (1.8)
87°V,m,c

where, N is Avogadro’s number, ¢ is speed of light, h is Planck’s constant, we can

rewrite the (eq. 1.7) as:
f A
~\_ g_,- _ - Vi
Ei(V)—1.3062974><10.O_CXp[ (—O' ) :| (1'10)

.. . -1 -1 . -1
where, &, 1is in units of L.mol".cm™, and ¢ is in cm™. We assume ¢ to be 0.4 eV =

3226 cm™ which is shown to successfully replicate the experimental spectra [171].

1.3.6 Parallel computing
To assess the parallel scalability of Gaussian 09 implementation of TDDFT

algorithm on our hardware, we calculated the strong scaling efficiency of TDDFT
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calculations on diisopropyl peroxide molecule with M06-2X functional using aug-cc-
pVDZ basis set. Results are listed in table 1.11. All calculations are done on separate
physical machines to avoid bottle-necks in shared resources. Run-time of each
calculation is calculated as the time difference between the start and ending of
calculations which consists of time needed for reading input, making scratch files,
doing calculations, read/write of data from scratch files, and writing output file. “Total
computation time” (Ty) shows the sum of time spend by all thread for calculations. It is
possible that some threads stay idle due to imperfect parallelism and/or pipeline
saturation, in any stage of computations. The frequency of these events can be
measured by “time-usage efficiency” (Et). “Speedup” (S) is measure of how fast

calculations are done in comparison with calculations on a single core (T).

ET:Ttot/(NXTCN) (111)
S=T,/Tex (1.12)
E.=S/N (1.13)

where, N is number of simultaneously used threads, Tcy is calculation time when

job is done with N threads and Ej is strong scaling efficiency.
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Table 1.11: Benchmark of Intel Xeon E5-2680v2 processor speedup and scaling efficiency

in TDDFT calculations.
Threads Total
e Run time coml?utation Tin_le usage Speedup Str01.1g scaling
(hh:mm:ss) time efficiency (%) efficiency (%)
™) (hh:mm:ss)
1 01:48:31 01:48:24 99.89 1.00 100
2 00:50:43 01:40:58 99.54 2.14 106.98
3 00:35:05 01:44:19 99.11 3.09 103.10
-4 00:27:23 01:48:02 98.63 3.96 99.07
5 00:22:09 01:48:50 98.27 4.90 97.98
6 00:19:04 01:52:03 97.95 5.69 94.86
7 00:16:35 01:53:32 97.80 6.54 93.48
8 00:15:34 02:04:03 99.61 6.97 87.14
9 00:13:41 01:59:24 96.95 7.93 88.12
10 00:12:50 02:07:15 99.16 8.46 84.56
11 00:11:47 02:09:01 99.54 9.21 83.72
12 00:10:38 02:02:34 96.06 10.21 85.04
13 00:10:15 02:12:12 99.21 10.59 81.44
14 00:09:35 02:13:28 99.48 11.32 80.88
15 00:09:09 02:16:36 99.53 11.86 79.06
16 00:08:46 02:13:27 95.14 12.38 77.36
17 00:08:24 02:15:26 94.84 12.92 75.99
18 00:08:04 02:17:33 94.73 13.45 74.74
19 00:07:50 02:20:49 94.61 13.85 72.91
20 00:07:45 02:24:07 92.98 14.00 70.01
21 00:07:51 02:35:59 94.62 13.82 65.83
22 00:08:05 02:48:45 94.89 13.42 61.02
23 00:08:03 02:55:29 94.78 13.48 58.61
24 00:08:06 03:03:59 94.64 13.40 55.82
25 00:08:09 03:12:25 94.44 13.31 53.26
30 00:08:20 03:56:23 94.55 13.02 4341
35 00:08:33 04:42:16 94.32 12.69 36.26
40 00:10:16 06:20:57 92.76 10.57 26.42

As it can be seen in table 1.11, by increasing the number of threads (up to 20), total

computation time is increasing. This is mainly due to increasing computational
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overhead resulted from increasing the number of communications between each thread
and also use of OpenMP barriers for synchronizing the progress of separate threads and
generating output files.

In transition from 1 to 2 and 1 to 3 threads, we observe superlinear speedup which
can be due to increase of cache and memory bandwidth by automatic placement of
threads on different processors which reduces overhead of processors when both of
them are being used in comparison to the case where a thread is running on only one of
them [172]. Figure 1.3 shows variation of speedup by increasing the threads number on

single machine.
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Figure 1.3: Speedup achieved in TDDFT calculations using different number of

processing threads.

When there are only few threads running on each processor, Intel Turbo Boost
Technology enables processors to perform at a higher frequency than their rated one
[173] which is shown in figure 1.3 by blue line. By adding more and more threads to
processors and using multiple cores concurrently, due to high power consumption and

heat generated by them, the Turbo Boost will be deactivated and processors switch back
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to their normal frequency. This performance drop changes the slope of speedup rate
(red line).

According to Gustafson-Barsis law [174], by increasing the number of processors,
speedup should be monotonically increasing. But in our case, by using more than 20
threads, we see drop in speedup which is due to using Hyper-Threading for doing
calculations of 2 threads on a single core. Load latencies, cache misses, branching and
dependencies between instructions make Hyper-Threading ineffective [175] and
overhead imposed by extra communication and synchronization between the threads

leads to lower speedup.
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Chapter 2

CALCULATIONS

2.1 Diethyl peroxide

We studied diethyl peroxide dissociation as the simplest model for understanding
the possible reactions after dissociation of more complex peroxides of our interest.
Thermal decomposition of diethyl peroxide is a unimolecular reaction [176] which
makes experimental data comparable to laser-induced half-collision unimolecular
dissociation process [177].

Experiments show [178] that the main reactions involved in decomposition of

diethyl peroxide are:

C2H500C2H5—>2C2H50 ) (2 1)
C,Hs0'— CH;+CH,O (2.2)
2'CH;—C,Hg (2.3)

Staring from ethyloxidanyl radical (C,HsO), we tried to identify the possible
products and activation energy of each reaction based on TS energies.

We are mainly interested in reactions including atom abstraction, radical center
movement, and further dissociation of peroxide radical. We only consider dissociations
with bond homolysis in which each one of involved atoms retains one of the originally-
bonded electrons (eq. 2.4).

AB—A'+B’ (2.4)

AB—A"+B (2.5)
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In contrast, in dissociations with bond heterolysis, both of the electrons involved in
the original bond remain with only one of the fragment species (eq. 2.5). Heterolysis is
favorable dissociation process in some species containing transition metals [179].
Experiments show that typical heterolytic bond dissociation energy for organic chain
compounds is about 200 kcal/mol [180] which is well above the needed energy for
homolysis dissociation in these compounds.

Figure 2.1 shows schematic energy diagram for the possible reactions with
relatively low activation energies (<100 kcal/mol) in this system. Chemical structures
of the all involved species are listed in table 2.2. ZPVE and BSSE corrected energy of
each radical/TS and also energy differences by taking ethyloxidanyl as reference are
listed in table 2.2. Unless otherwise stated, we correct all our calculated energies for
ZPVE and BSSE. We treated the TSs as independent entities which do not need any

BSSE correction with respect to the other unimolecular species.

70 T

157

60 T

50 +

a0 +

AE (keal/mol)

20 +

CH; + H,C=0

20 L

Figure 2.1: Schematic energy diagram for the possible reactions of diethyl peroxide after

dissociation at M06-2X/aug-cc-pVDZ level.
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Table 2.1:  Molecular structure of species involved in the dissociation of diethyl peroxide

Species Chemical structure
o’
Ml Hil e
H,
M2 HZ'C\C’OH
H,
H,C_ _.OH
M3 Ner
H
H,C 0
M4 3 Ne? + H®
H
o)
M5 /\ + H'
H,C=CH,
. o)
M6 Hy €7 “cH,
M7 H,C=0 * CH,

Table 2.2:  Calculated energy values for possible reaction products in diethyl peroxide

dissociation at the M06-2X/aug-cc-pVDZ level.

e Belec ZPE | Corrected ZPE | BSSE | E+ZPE+BSSE AE AE
(Ha) (mHa) (mHa) (mHa) (Ha) (mHa) | (kcal/mol)

M1 -154.312788 | 64.75 63.390 0 -154.249398 0 0
M2 -154.317848 | 65.595 64.218 0 -154.253630 -4.233 -2.7
M3 -154.328964 | 66.208 64.818 0 -154.264147 | -14.749 -9.3
M4 -154.278004 | 55.685 54.516 -0.819 -154.224308 | 25.090 15.7
M5 -154.241648 | 57.983 56.765 -0.860 -154.185744 | 63.654 39.9
M6 -154.307578 | 66.042 64.655 0 -154.242923 6.475 4.1
M7 -154.280042 | 56.634 55.445 -2.6277 | -154.227226 | 22.172 13.9
TS1 -154.277276 | 61.538 60.246 0 -154.217031 32.367 20.3
TS2 -154.269060 | 57.395 56.190 0 -154.212871 36.527 229
TS3 -154.265476 | 61.427 60.137 0 -154.205339 | 44.058 27.6
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Species Eelec ZPE Corrected ZPE | BSSE | E+ZPE+BSSE AE AE
Ha) | (H) |  (uH)) | (uHa) (Ha) (mHa) | (keal/mol)
TS4 -154.263163 | 62.162 60.857 0 -154.202307 47.091 29.5
TS5 -154.226204 | 63.272 61.943 0 -154.164261 85.137 534
TS6 -154.253174 | 61.126 59.842 0 -154.193332 56.065 35.2
TS7 -154.209832 | 59.517 58.267 0 -154.151565 97.833 61.4
TS8 -154.263138 | 57.14 55.940 0 -154.207199 42.199 26.5
TS9O -154.256892 | 60.598 59.325 0 -154.197567 51.830 32.5

Our calculations confirm that the experimentally determined [178] main reaction in
decomposition of diethyl peroxide (eq. 2.2) have the smallest barrier height (TS1=20.3
kcal/mol).

To further investigate the effect of basis set size on our results, we also searched for
TS structures and recalculated all energies using cc-pVDZ and aug-cc-pVTZ basis sets.
Table 2.3 lists the relative energy of the all involved species. The differences in the
calculated energies with different basis sets are shown in figure 2.2. Figure 2.3 shows
correlations between the energy values calculated with cc-pVDZ<« aug-cc-pVDZ, and

aug-cc-pVDZ<«> aug-cc-pVTZ basis sets. Coefficient of determination (R-square) of

fitting these data to equality line (x=y) for the former is 0.996 and for latter is 0.999.

Table 2.3:

Calculated relative energy values for possible reaction products in diethyl

peroxide dissociation using M06-2X functional with various basis sets.

AE (kcal/mol)
Species
cc-pVDZ | aug-cc-pVDZ | aug-cc-pVTZ
Ml 0.0 0.0 0.0
M2 -0.4 2.7 =25
M3 -8.1 9.3 -9.3
M4 14.8 15.7 16.7
M5 39.6 39.9 40.6
M6 3.7 4.1 3.0
M7 11.9 13.9 13.6
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AE (kcal/mol)
Species
cc-pVDZ | aug-cc-pVDZ | aug-cc-pVTZ
TS1 21.1 20.3 19.3
TS2 22.6 22.9 23.5
TS3 28.7 27.6 27.7
TS4 30.1 29.5 30.2
TS5 54.6 534 52.6
TS6 37.6 35.2 35.8
TS7 61.2 61.4 61.7
TS8 26.1 26.5 26.8
TS9 323 325 314

3
:
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Figure 2.2: Change in the calculated energy of involved species using M06-2X functional

by increasing size of basis set from a) cc-pVDZ to aug-cc-pVDZ, and b) aug-cc-pVDZ to
aug-cc-pVTZ.
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Figure 2.3: Correlations between the calculated energies with a) M06-2X/cc-
pVDZ-MO06-2X/aug-ce-pVDZ, and b) M06-2X/aug-cc-pVDZ+—MO06-2X/aug-cc-pVTZ

These results show that using basis sets bigger than aug-cc-pVDZ will not have any
meaningful influence on our calculated energy values. Thus, the rest of our calculations
are done at M06-2X/aug-cc-pVDZ level unless stated otherwise.

To ensure sufficient accuracy of our DFT calculations, we compared our calculated
uncorrected relative energy values from MO06-2X/aug-cc-pVDZ method with the
energies calculated from coupled cluster single double and perturbative triple, CCSD(T)
[181], method for the geometry optimized by DFT method using the same basis set. The
results of calculated energy differences with M06-2X and CCSD(T) methods are listed
in table 2.4. Correlation between these values has been also graphically represented in

figure 2.4.
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Table 2.4:  Calculated uncorrected relative energy values for possible reaction products in

diethyl peroxide dissociation at M06-2X/aug-cc-pVDZ and CCSD(T)/aug-cc-pVDZ

level.
AE (kcal/mol)
Species
MO06-2X [ CCSD(T)

Ml 0.0 0.0
M2 -3.2 2.3
M3 -10.2 -8.5
M4 21.8 20.7
M5 44.6 48.9
M6 33 5.1
M7 20.5 15.8
TS1 223 20.1
TS2 274 26.8
TS3 29.7 31.5
TS4 31.1 314
TS5 54.3 55.0
TS6 374 40.7
TS7 64.6 69.2
TS8 312 31.2
TS9 35.1 32.6
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Figure 2.4: Correlation between the relative uncorrected energy of radicals and transition

states in diethyl peroxide dissociation at M06-2X/aug-cc-pVDZ and CCSD(T)/aug-cc-
pVDZ levels.

By comparing the calculated relative energy values we can safely conclude that
calculations at M06-2X/aug-cc-pVDZ level are sufficiently accurate to investigate the
main reactions in this system and higher level calculations (i.e CCSD(T)) are not
providing any additional information.

Activation energy of all reactions in forward and backwards direction based on the

located transition states are listed in table 2.5. Reactions are numbered according to

their respective TS.
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Table 2.5:  Activation energies of the possible reactions of diethyl peroxide after
dissociation at M06-2X/aug-cc-pVDZ level.
Activation energy
(kcal/mol)
Reactant TS Product
Forward | Backwards
reaction reaction
H4C ’O _ .
Ml ~c TS1 H,C=0 * CcH , M7 20.3 6.4
H
o’ H.C (o]
M1 | e T2 | PTSNeZ o+ oyt M4 220 7.2
H, H
o’ H,C ,OH
M1 | e TS3 N M3 | 276 36.9
H, H
o’ H, C OH
Ml H3C\C’ TS4 2 "Ne” M2 29.5 322
H, H»
Ml [ MO TS5 o~
ﬁ > H, C CH, M6 534 49.3
2
H,C_ ..OH H. C OH
M3 Y TS6 2 ¥ M2 | 445 37.9
H H>
M6 70N TS7 IO\ + | M5 57.3 21.5
Hz C ChH, H,C=CH, H ' )
HyC_ _..OH Hie O
M3 C TS8 Nc? + W | M4 35.8 10.8
H H
M6 O TS9 | H,C=0 + . M7 | 284 18.6
H, C CH, A CH, . .

Reactions 1-5 (corresponding to TS 1-5, respectively) can convert ethyloxidanyl

into different products. Thermal decomposition of peroxides is a thermally active
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reaction. We can use Arrhenius equation to estimate relative rate constant of each

involved reaction:

7E[!

k= Aer" (2.6)

where, k is rate constant, A is frequency factor or pre-exponential factor, E, is
activation energy, R is universal gas constant (1.9872041x10 kcal. K™'.mol™) and T is
absolute temperature. We consider the T to be the room temperature (298 K). The factor
A may be interpreted as the limiting specific rate for molecules of very high energy
which in our case, all of these unimolecular reactions have common reactant; therefore
to have a rough estimation for comparisons purpose we assume it to be the same for all

these five reactions. Thus, rate constants for these reactions are:

ki=Ax1.2957x10™" (2.7)
k=Ax1.6060x10""" (2.8)
k3=Ax5.7395x10! (2.9)
k=Ax2.3199x10* (2.10)
ks=Ax6.8837x107* (2.11)

Unimolecular dissociation reactions are generally considered as first-order
reactions. By comparing the rate constants, we see that reaction 1 (methyl radical
abstraction) is the fastest reaction. By comparison, reactions 2-5 are slower. Thus, most
of ethyloxidanyl radicals are dissociated with methyl radical abstraction which is in
agreement with experimental findings describing it as the main decomposition
mechanism [178].

Difference in absorption spectra of diethyl peroxide with various radicals in visible
region is shown in figure 2.5. Our calculations show that first electronic excitation in
diethyl peroxide occurs at around 230nm and there is no transition in visible range.
Thus, our differential absorption plot will only show absorptions of produced radicals in
dissociation process. As it can be seen, only 3 radicals (M1, M3, and M6) have

absorption (more specifically, absorption tails) in this region. Calculated excitation
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lowest energies and the most intense absorption among the first 20 transitions for each

radical are listed in table 2.6.
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Figure 2.5: Difference in absorption spectra of diethyl peroxide with various radicals in

visible region.

Table 2.6:  Calculated excitation energies with the lowest energy, and the highest
oscillator strength for radicals involved in dissociation of diethyl peroxide at M06-

2X/aug-cc-pVDZ level.

Lowest Energy excitation | Highest intensity excitation
Species
A (nm) | Oscillator strength | A (nm) | Oscillator strength
Ml 338.05 0.0006 211.64 0.0284
M2 255.74 0.0043 245.36 0.0233
M3 | 297.65 0.0045 167.70 0.0440
M4 180.62 0.0151 135.14 0.1721
M5 166.90 0.0133 128.50 0.0795
M6 | 303.19 0.0261 208.40 0.0545
M7 | 236.52 0.0366 128.43 0.1475

We did all our calculations in gas phase. But, most of the experiments are

commonly done in the presence of solvents. To estimate the effects of solvents on the
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calculated excitation energies of each radical, we optimized the geometry and
calculated the excitation energies of the species involved in the first reactions of
dissociation products in acetonitrile (CH3;-C=N) and ethanol (CH;-CH,-OH) which are
the two commonly used solvents. Dielectric constants of acetonitrile and ethanol are
taken as 35.688 and 24.852. respectively which correspond to room temperature
experimental values [182; 183]. The shifts in the energy of the important low energy
excitation peaks of initial radical and first reaction products are listed in table 2.7.

Changes in absorption spectrum of M3 upon solvation as a typical behavior in these

solvents are shown in figure 2.6.

Table 2.7:  Shift in the excitation energy of diethyl peroxide dissociation radicals upon
solvation in acetonitrile and ethanol.
Excitation peak shift (nm)
Species | Excitation peak position (nm)
In acetonitrile | In ethanol
M1 211 +15 +14
M2 246 -2 -2
M3 262 -5 -5
M4 164 -4 -4
M6 303 -7 -6
M7 237 -3 -3
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Figure 2.6: Computed absorption spectra for M3 (CH; CHOH radical) in gas phase,

acetonitrile and ethanol.

As it can be seen in table 2.7 and figure 2.6, TDDFT/PCM calculation for radicals in
both acetonitrile and ethanol show similar shift in excitation energies. Despite changes
in the intensity of the absorption peaks which is not much helpful for characterization of
radicals, the amount of change in excitation energy is negligible in comparison with our

calculations accuracy.

2.2 Di-tert-butyl peroxide

We chose di-tert-butyl peroxide as the next molecule for study. Experiments show
[184] that the main reactions in decomposition of di-tert-butyl peroxide are:

(CH3);COOC(CH3)3—2(CH3);CO° (2.12)

(CH;);CO’"—"CH3+(CH3),C=0 (2.13)

Staring from tert-butyloxidanyl radical ((CH3);CO"), we followed the same process
as for diethyl peroxide and tried to identify the possible products and activation energy

of each reaction based on their respective TS energies. Figure 2.7 shows schematic
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energy diagram for the identified possible reactions in this system. Chemical structures
of the all involved species are listed in table 2.8. Table 2.9 lists the corrected relative
energy of the all involved species at M06-2X/aug-cc-pVDZ level. It must be noted that
by increasing the number of atoms in molecule, the number of molecule’s degree of
freedom is increasing and consequently the number of PES’s dimensions are increasing
which makes it harder to map all characteristic stationary points on PES to reaction
coordinates. Moreover, similarities in the geometries of different TSs make it harder to
successfully locate them. Therefore, we try to limit our investigations on larger

molecules mostly to the reactions with low activation energies.
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Schematic energy diagram for the possible reactions of di-tert-butyl peroxide

Figure 2.7:

after dissociation at M06-2X/aug-cc-pVDZ level.
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Table 2.8:

Molecular structure of species involved in the dissociation of di-tert-butyl

peroxide.
Species Chemical structure
CH,
M1 H;Commt=—0"
CH,
CH,
M2 H;Comd——=0OH
CH,
i
M3 :
Hq,C’C\o’CH3
(l)H
M4 HC,C\C/CH3
2
o)
M5 JL * ¢,
H,C CH,
HO CH,
\ ‘
C=C
M6 H, \
CH,
H,C
M7 * on
H3C CH3
HO CH,
\
M8 34 + H
CH,
H,C
M9 CHy * H
H,C o]
OH
M10 )\ LCHy  + W
H,C C
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Species Chemical structure
HO, CH,
Mi1 g—( + W
2 CH,4
HO
Mi2 /k CH + :
H,C c” H
H
OH
M13 /k + ch
H,C CH, 3
H
\
M14 H3C+0 + W
H,C

Table 2.9:  Calculated energy values for possible reaction products in di-tert-butyl

peroxide dissociation using M06-2X functional with aug-cc-pVDZ basis set.

Species | AE (kcal/mol)
M1 0.0
M2 -4.6
M3 24
M4 -7.9
M5 22
M6 -2.8
M7 24.2
M8 252
M9 36.6

M10 24.8
Mil1 304
Mi12 223
M13 12.7
M14 33.8
TS1 15.7
TS2 26.4
TS3 47.0
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Species | AE (kcal/mol)
TS4 48.8
TSS 25.1
TS6 23.6
TS7 34.6
TS8 29.8
TS9 41.0

TS10 25.8
TS11 29.2
TS12 27.8
TS13 235
TS14 65.3
TS15 53.7
TS16 52.6
TS17 23.7

Relative uncorrected electronic energy of involved species at M06-2X/aug-cc-
pVDZ and CCSD(T)/aug-cc-pVDZ level are listed in table 2.10. Correlation between
the calculated values is also graphically represented in figure 2.8.
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Table 2.10: Calculated uncorrected relative energy values for possible reaction products in

di-tert-butyl peroxide dissociation at M06-2X/aug-cc-pVDZ and CCSD(T)/aug-cc-

pVDZ levels.
AE (kcal/mol)
Species
MO06-2X [ CCSD(T)

Ml 0.0 0.0
M2 -3.7 -2.6
M3 22 5.7
M4 -84 -5.7
M5 11.3 9.6
M6 -2.6 0.2
M7 30.6 28.1
M8 32.9 36.3
M9 44.8 48.5
M10 32.9 35.9
Mil1 37.7 40.2
Mi12 30.8 34.3
M13 20.8 21.7
M14 42.2 46.8
TS1 18.3 17.3
TS2 294 29.7
TS3 49.0 50.5
TS4 53.1 56.3
TS5 28.6 28.3
TS6 25.8 23.7
TS7 39.5 41.5
TS8 34.8 37.9
TS9 46.0 49.4
TS10 30.6 34.1
TS11 34.1 36.7
TS12 30.8 30.7
TS13 26.4 27.4
TS14 77.8 78.9
TS15 58.6 61.3
TS16 553 59.1
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AE (kcal/mol)
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MO06-2X [ CCSD(T)
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Figure 2.8: Correlation between the relative uncorrected energy of radicals and transition

states in diethyl peroxide dissociation at M06-2X/aug-cc-pVDZ and CCSD(T)/aug-cc-
pVDZ levels.

As it can be seen in table 2.10 and figure 2.8, in this case also M06-2X/aug-cc-
pvDZ level energy calculations are sufficient and higher level (CCSD(T)) energies do
not provide any additional information. Activation energy of all reactions in forward

and backwards direction based on the located transition states are listed in table 2.11.
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Table 2.11: Activation energies of the possible reactions of di-tert-butyl peroxide after

dissociation at M06-2X/aug-cc-pVDZ level.

Activation energy (kcal/mol)

Reactant TS Product Forward Backwards
reaction reaction
CH; o}
Ml Hic——o0 1 I + CH,y|MS 157 135
H,C CH,
CH,
CH, éHz
M1 H;C=—g—0 2 H3C—'—OH M2 26.4 31.0
CH, CH,
CH, CH,
Ml H.C——0 3 L M3 47.0 4.6
H.c” So” °
CH, 3
CH, 22
A )
Ml Hc——o 4 H30+0 + w M4 488 15.0
CH, H,C
(':H3 0
M3 l. 5 L + Ln |Ms 227 229
H,C” Sorts H4C CH, CHa
HO CHs H,C
M6 Ce=C' 6 /ll\ + M7 26.4 -0.6
Hz \CH3 H,;C CHs on
HO CH,4 HO CH,
\ 4 \
M6 c—c 7 g—( + w Ml 374 42
2 2
CH, CH,
HO CH, HO CH,
\C—C" \C=< +
M6 5 8 ¢ H' | MS 32.6 4.6
CH, CH,
<':H3 H,C
M3 I o | M _en, + w0 38.6 44
Ho? Nortte H,c” No”  °
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Activation energy (kcal/mol)

Reactant TS Product Forward Backwards
reaction reaction
(I)H HO
M4 C. _CH 10 /k CH; + T MI12 33.7 35
TR H,C c” H
H, H
(l)H OH
C. _CH )\ + :
My OO | e oCHs HY MI10 37.1 4.4
H, H,
CH, OH
M2 H3C—|—OH 12 /k + oy Mi13 324 15.1
H,C CH, 3
CH,
?H OH
M4 C. _CH 13 + L., MI13 314 10.8
H,e” SNc” ° H,C CH, CH,
HZ
0 OH
M5 + oyl 14 /k + oy, MI3 63.1 52.6
H4C CHj : H,C CH,
. H
CH, Cz
M2 H,ce—d—o0H 15 H;C+o + W M4 58.3 19.9
CH, H,C
éHz ?H
M2 H,Cee—OH | 16 RN M4 57.2 60.5
CH, Hy
(le2 H,C
IM?2] HsC OH 17 + OH |M7 28.3 -0.5
H,C CH,
CH,

As it can be seen in table 2.11, we found negative value for activation energy of OH

addition to isobutene (reactions 6 and 17). This is in agreement with literature which

found that all the activation energies for alkenes + "OH reactions are close to -1
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kcal/mol [185]. It’s been found out that these reactions are not elemental, and “they
consists of a reversible first step involving the formation of a pre-reactive complex,
followed by the irreversible formation of an addition adduct” [186]. Our transition state
is the first transition state in the reaction which have negative energy difference with
respect to the reactants [187]. The resulted values are in the error range of our
calculation method and these reactions for characterization purpose can be practically
treated as transition-less reactions.

Reactions 1-4 can convert tert-butyloxidanyl into different radicals. Using Arrhenius
equation to estimate relative rate constant of each reaction at room temperature with the

same assumptions as the former section, we get:

k1=Ax3.0622x10" (2.14)
ko=Ax4.3544x10"%° (2.15)
k3=Ax3.3995x10° (2.16)
k=Ax1.6268x107° (2.17)

By comparing the rate constants, we see that reaction 1 (methyl radical abstraction)
is the fastest reaction. By comparison, reactions 2, 3, and 4 are much slower. Thus,
majority of tert-butyloxidanyl radicals at room temperature are dissociated with methyl
radical abstraction which is in agreement with experimental findings describing it as the
main decomposition mechanism [184].

Difference in absorption spectra of di-tert-butyl peroxide with various radicals in
visible region is shown in figure 2.9. Our calculations show that first electronic
excitation in di-tert-butyl peroxide occurs at around 190nm and there is no transition in
visible range. Thus, our differential absorption plot will only show absorptions of
produced radicals in dissociation process. As it can be seen, only 5 radicals (M1, M3,
M4, M6, and M7) have absorption in this region. Calculated energy of the first and also
the most intense absorption among the first 20 transitions for each radical are listed in

table 2.12.
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Figure 2.9: Difference in absorption spectra of di-tert-butyl peroxide with various radicals

in visible region.

Table 2.12: Calculated excitation energies with the lowest energy, and the highest
oscillator strength for radicals involved in dissociation of di-tert-butyl peroxide at M06-

2X/aug-cc-pVDZ level

Lowest Energy excitation | Highest intensity excitation
Species

A (nm) | Oscillator strength | A (nm) | Oscillator strength
M1 368.54 0.0002 167.94 0.0293
M2 | 259.81 0.0017 174.92 0.0390
M3 | 331.52 0.0002 276.08 0.0350
M4 | 368.00 0.0012 230.13 0.0180
M5 236.53 0.0366 137.30 0.2494
M6 | 300.31 0.0073 253.63 0.0259
M7 350.67 0.0011 186.23 0.2233
M8 | 223.13 0.0002 169.39 0.2530
M9 221.34 0.0203 199.51 0.1486
M10 | 228.92 0.0118 179.97 0.1200
Ml1 203.71 0.0013 186.23 0.2024




Chapter 2: Calculations

Lowest Energy excitation | Highest intensity excitation
Species
A (nm) | Oscillator strength | A (nm) | Oscillator strength
Mi12 |217.29 0.0066 176.68 0.1768
M13 | 230.61 0.0062 194.85 0.1885
M14 | 17091 0.0012 134.00 0.0639

The shifts in the energy of the important low energy excitation peaks of initial

radical and first reaction products upon solvation in acetonitrile and ethanol are listed in

table 2.13.
Table 2.13: Shift in the excitation energy of di-tert-butyl peroxide dissociation radicals
upon solvation in acetonitrile and ethanol.
Excitation peak shift (nm)
Species | Excitation peak position (nm)
In acetonitrile | In ethanol
Ml 234 +16 +15
M2 245 -3 -3
M3 276 -7 -7
M5 237 -4 -3
M14 156 +1 +1

As it can be seen in table 2.13, also in case of radicals involved in the dissociation of di-
tert-butyl peroxide, TDDFT/PCM calculations are not showing large changes in the

position of absorption peaks.

2.3 Dicumyl peroxide

Photochemical decomposition of dicumyl peroxide and cumene hydroperoxide have

been the subject of various studies in the past [188] which both of them result in

cumyloxy radical.
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Studies of the decomposition of cumene hydroperoxide had shown that the
cumyloxy radical decompose to acetophenone and a methyl radical (eq. 2.18) or convert
to 2-phenyl-2-propanol (eq. 2.19) [189]:

CeHs-C(CH3),-O"— C¢Hs-C(CH3) O +'CH3 (2.18)

CeHs-C(CH3),-O" + R-H— C¢Hs-C(CH3) OH+R’ (2.19)

In absence of hydrogen donors, methyl radical abstraction reaction (eq. 2.18) is the
dominant decomposition mechanism.

Although “instantaneous” increase in visible range absorption have been observed
in photochemical decomposition of cumyloxyl radicals [190], yet no satisfactory
explanation have been provided for this phenomenon. Recent studies showed that a
large number of reactions can be involved in thermal decomposition of dicumyl
peroxide in various reaction conditions (i.e. solvent, presence of oxygen, etc.) [191]
which is a serious obstacle in interpretation of experimental results. Schematic energy
diagram for the possible initial reactions starting from M1 are shown in figure 2.10.
Figures 2.11 and 2.12 show a more complete map of studied region on PES. Chemical

structures of the all involved species are listed in table 2.14.

50

AE (kcal/mol)

Figure 2.10: Schematic energy diagram for the possible initial reactions of dicumyl

peroxide after dissociation at M06-2X/aug-cc-pVDZ level.
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Figure 2.11: Schematic energy diagram for the possible reactions of dicumyl peroxide after

dissociation at M06-2X/aug-cc-pVDZ level (part I)
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Schematic energy diagram for the possible reactions of dicumyl peroxide

after dissociation at M06-2X/aug-cc-pVDZ level (part II)
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Table 2.14: Molecular structure of species involved in the dissociation of dicumyl

peroxide.
Species Chemical structure
H H
Cc=C CHj
HC, o’
M1 A\Y y/
Ce=C
HH HsC
H H
C=C O
HC >—< +
M2 A\Y / CH;,
ComC CH,
H H
H H
c=C CH,
M3 HC OH
A\ /
Ce=C CH,
H H
H H
CemC Qe=CH,
o A\ ‘
M4 HC )—C\
c=C CH,
H H
CmC
C o o)
/4 L\Y
M5 HC c + /u\
\C=C’ H5C CHj3
H H
H H
CoemC CH,
HC,' \ + :
M6 A OH
c=cC CH,
H H
1t
C o 0
1/ (\Y
M7 HC CH +
So=c’ H, €7 “CH,
H H
i
C o OH
7 N\
MS HC C +
Se=c’ H,e” NCH,
H H
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Species Chemical structure
H,
H H_C
,c—c’ CHy
M9 P
N/ OH
C=C
H H
i
Comm OH
1/ (\Y
M10 HC CH + .
\ / H.C
c= 2 CH,
H H
H H
Ce=C OH
U \ + .
Ml | HC CH,
c=C CH,
H H
H H
ComC oL
A\ CH, .
Mi12 HC\ + H
=C
c=g CH,4
H H
'.c_c CH,
M13 HS o
Cc=C
HOHY ¢
H H
c=C
ne! CH + £
M14 x4 3 o=c
Ce=C
H H
g:c' OH
/ CH,
HC
M15 \ ,>—-k
Ce=C CH,
H H
CH,OH
H
c
/4 CH
M16 HC C ’
\ /
C=C
H H
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Species Chemical structure
H H
C=
F£=5% ,CH;
M17 X OH
C=C
HoHy ¢
CH
H ¢ °
,L—CH (o]
MI8 nc’ >_(
N/
C=C CH,
H H
CH
H ¢ °
C=CH OH
M19 4
HC
\
c=C CH,
H H
CH
7 3
,L—CH OH
M20 HC
4
C=C CH,
H H
; "CH3
L=C OH
M21 ne’ )=<
\
c=C CH,
H H
CH,OH
H
C
M22 ] CH,
HC c
\ OH
c=cC
H H
CH
H 3
‘C=< (0]
M23 we,  Ho—4
\ ’
c=C CH,
H H
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Species Chemical structure

H H
Cc=C

/ SHa

M24 HC >—c H + /

N 4 ’ HO—C
C=C
H H

CH,

c=cC CH,
H H
CH,OH
H -
C
u CH,
M26 HC C
H
C=C
H H

Calculated energy values for possible reaction products in dicumyl peroxide
dissociation are listed in table 2.15. Activation energies of the possible reactions are

listed in table 2.16.
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Table 2.15: Calculated energy values for possible reaction products in dicumyl peroxide

dissociation using M06-2X functional with aug-cc-pVDZ basis set.

Species | AE (kcal/mol) | Species | AE (kcal/mol)
TS1 13.7 M1 0.0
TS2 26.0 M2 3.0
TS3 40.9 M3 -4.5
TS4 20.8 M4 -7.1
TS5 24.4 M5 16.0
TS6 79.1 M6 23.9
TS7 52.2 M7 -0.1
TS8 144 M3 28.0
TS9 53.5 M9 14.2

TS10 19.9 MI10 4.1

TS11 23.9 Ml1 144
TS12 64.8 M12 353
TS13 6.1 M13 -6.3
TS14 18.8 M14 -4.1

TS15 30.6 M15 5.6

TS16 16.6 M16 31.5
TS17 48.8 M17 6.2

TS18 70.3 M18 -11.8
TS19 354 M19 22.2
TS20 512 M20 1.3

TS21 58.3 M21 -18.6
TS22 13.0 M22 26.0
TS23 48.3 M23 -8.6
TS24 26.6 M24 243
TS25 28.9 M25 3.6

TS26 32.8 M26 27.2
TS27 242

TS28 26.7

TS29 13.5

TS30 74.0

TS31 56.2

TS32 30.9

TS33 45.6

TS34 644

TS35 30.8

TS36 27.4




Chapter 2: Calculations

63

Table 2.16: Activation energies of the possible reactions of dicumyl peroxide after

dissociation at M06-2X/aug-cc-pVDZ level.

Activation energy
(kcal/mol)
Reactant TS Product
Forward |[Backwards
reaction| reaction
é=c o
F:g CHj, HC -/> <
Ml HCL Ts1| S/ cn,  |M2| 137 10.7
C—C H-‘C H H +
H H .
CH,
H H H H
F=C CHj F= CH,
Ml HC\\ / TS2 HC\\ / OH |M3]| 26.0 30.5
Ce=C -
H H HsC i H CHs
H H H H
F=C CH, L= O—CH;
Ml HOY 4 TS3| HC \>—c\’ M4 40.9 48.0
Ce=C c=cC CH
H R HC H H ’
H H
C=C
H H HC’, \\c
’c=c CH, \_C/
M1 HC. g TS4 HOH  « |M5| 208 48
\\c c
H H HsC€ j,’\
H,C CH,
g:é CHj, g:C' OH
/ ) ’ CH,
Ml HC\\ />—|—0 TS5 HC\\ H M15| 244 18.8
C=C H.C C=C CH,
H H '3 H H
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Activation energy
(kcal/mol)
Reactant TS Product
Forward |Backwards
reaction| reaction
H H
C=C
/2 \
H H HC C
ComeC \ /
U4 W 0o c=C
M5 X ,C JL TS6 H H + M8| 63.1 51.1
Ei-(l*:l + H,3C CH, OH
H,C” §CH2
H H
C=C
Vi [\
H H HC CH
M7 5% Ye=c’
HC G 2 TS7 HOH o+ 10| 523 | 481
C=C .
H H + H2C CH; oH
Hzc¢ \éHz
H H
H H —
C= o ’.C_C CH;
M2|  HE H Tsg| HC, ><Fo M13| 114 | 207
Cm=C CH; - =g
H H + CH, H,C
H H
H H C=C 0.
Co=C O==CH, 7\ CH,
N \ ’ HC
M4 HC )—C TS9 N M12| 60.6 18.2
\ \ C=C CH,
c=C CH, H H
H H
e
H H
C=C
/4 \Y
H H HC C
C=C \ /
V/d W fo) c=C
M5 X ,C /IL TS10) H H + M7| 3.9 20.0
H=ﬁ + HsC CH; JOL
H, C CH,
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Activation energy
(kcal/mol)
Reactant TS Product
Forward|Backwards
reaction| reaction
H H CHs
F=¢
M3 HGL 4 TS11 cu, |M6| 284 0
C=C
H H .
OH
OH
H H
c=C 0 \H
M2 HC\\ H [TS12 CH, M11] 61.8 50.4
C=C CH
H H .
CH,
H
H H
’.C=C CH, />—CH3
M13 "% TS13 C—C M14] 12.4 10.2
c=cC
H HH3C ’CHa
o=c’
H H
c=C 0 0=CHj,
/ A\ ‘
M2 HC\\ / TS14 >—C\ M4| 158 259
C=C CH CH,
H H
H ICH3 (;'Hz
,,C'-CH C—C,H OH
M1 HE H TS15 M19| 42.4 8.4
.. >=<
C=C
H H c CH,
PCLF '.CH3
,L—CH Ce=C OH
M18 ne’ H TS16 >=< M21| 28.4 352
\
C=—C c CH,
H H H
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Activation energy
(kcal/mol)
Reactant TS Product
Forward |Backwards
reaction| reaction
CH
H ¢ ° woSoh
L=CH 0 L—CH  OH
M18 ne’ >_( TS17  wc’ M20| 60.6 475
\ 4 \ 4
C=C CH, C=C CH,
H H H H
éHZOH H GHa OH
H c
M22 Hc/,c 7 e, 118 p? %t M e 443 | 388
\C_C.H \c=c’
G=c H H
" I_CH3 ; CH,OH
= OH c .
M21 ne? )=( Ts19 o’ % > pvd 540 3.9
\
c=C CH,4 \C=C,
H H H H
w s CH,OH
= g :
M23 HC® HC TS20) /] CH, [M22[ 59.8 25.2
7 HC, "
=5 CHs c=cC
H H
H H H H
£=C cn, F=C  cH,
M13 "% 0 Ts21l N 4 oW M17 646 | 521
c=C C=C
HOH Y g HoH, 8
CH
c=C 0 L—=CH o
M2|  HCQ H TS22] .’ H M18| 10.0 24.8
\
Com(C CH . C.—C CH3
H H + CH, H H
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Activation energy
(kcal/mol)
Reactant TS Product
Forward |Backwards
reaction| reaction
H ,CH2 H '_CH3
C=CH OH ,,C_C on
M19 L TS23 W >=< M21| 26.1 66.9
\
\ =C CH
C=C CH. - 3
H H 3 H H
c—C  OH
H H . -
F=C CH, we? N\
M3 e, o OH TS24, “o=c en,  M11| 311 12.2
» H H :
C=C CH,
H H .
CH,
L g CHa
L=CH 0O 'c=< 0
M18 we? H TS25|  net Hc_( M23| 407 | 375
\ 4 v
C=C CH, c=C CH,4
H H H H
H H
H_ =
=C  cH, Hey />—CH3
M17 ”C\\C C/)%,OH TS24 c—C . M24 266 8.5
H HHZC sh2
HO=C"
H H CH,
H o 7
,,C-C\ OH L=CH  OH
M11|  HC TS27 ud? H M20] 9.8 229
Ye=c CH, - \c'—C/ -
H H + CH, H H o
H H H_H
L= OH e JCHy
M1l He \ Ts28 "\ 4 on M17 123 20.5
c=CcC CH, - -
H H + CH, H,C
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Activation energy
(kcal/mol)
Reactant TS Product
Forward|Backwards
reaction| reaction
HoH CH,
’.C=C CH, g ( o
M13 "% 0 TS29 e HC_( M23[ 19.8 22.1
c=cC ! -
R H H :
8
S =
—4 \\ / 3
M14 HCI CHj3 TS30 C—C e 78.1 49.7
N CH H H +
Ce=C ¢
H o H + 0=cC CH,
/
HO=—C
L L
'C=< O 'C=< OH
M23 HC\' H’C—< [TS31 HC\' H,C M25| 64.8 52.6
c=cC CH, c=cC CH,
H H H H
H H
CH, /—C
E_( oH HC\\ />—CH3
M25 HeT He Ts32l  G=§ . 24 273 6.6
7
c=cC CH
H H : }!?Hz
HO=—C
H
W fH H H_C ch.
C—CH OH P 3
M19 o TS33] He M9| 234 314
HC\ H N/ OH
c=c CH, G="t
CH; H
H e .
£ OH = OHCH3
M21 HC! )=( TS34 Hey H M15| 83.0 | 588
Ye=c CH,4 G=c CHj
H H
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Activation energy
(kcal/mol)
Reactant TS Product
Forward |Backwards
reaction| reaction
CH; OH H H
g . ,C=C CH,
M26 I XA e Ts3s| MG AN _on M7 36 24.6
e=c™ o
H H H,C
H
H H . 2
,c=c CH, Ig_'gfc CH,
M3 HC Hon TS3d Mo| 319 | 132
N_ 4 \ 4 oH
Coa(C CH, ComC
H
H H

Also in case of dicumyl peroxide decomposition we found zero value for activation
energy of 'OH addition to a-methylstyrene (reaction 11) which its reason has been
discussed before.

Difference in absorption spectra of dicumyl peroxide with various radicals in visible
region is shown in figure 2.13. Our calculations show that first electronic excitation in
dicumy] peroxide occurs at around 234nm and there is no transition in visible range.
Thus, our differential absorption plot will only show absorptions of produced radicals in
dissociation process. Despite limited availability of experimental data of absorption
spectra of radicals, there are some experiments which show visible absorption for
CH3'CO (M14) [192] as our calculations indicates. Although the goal of our
investigation was not to locate all minima on PES, but as it can be seen, there are many
species which show absorption in visible range. This makes interpretation of time-

resolved UV-Vis absorption observations in this system difficult.
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Figure 2.13: Difference in absorption spectra of dicumyl peroxide with various radicals in

visible region.

Calculated energy of the first, and also the most intense absorptions among the first

20 transition for each radical are listed in table 2.17.
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Table 2.17: Calculated excitation energies with the lowest energy, and the highest
oscillator strength for radicals involved in dissociation of dicumyl peroxide at M06-

2X/aug-cc-pVDZ level.

Lowest Energy excitation | Highest intensity excitation
Species
A (nm) | Oscillator strength | A (nm) | Oscillator strength
Ml 369.46 0.0008 181.91 0.0377
M2 236.53 0.0366 183.85 0.4821
M3 290.69 0.0005 200.88 0.0327
M4 397.75 0.0053 271.91 0.2569
M5 418.93 0.0014 180.56 0.1557
M6 350.67 0.0011 237.01 0.2604
M7 262.86 0.0095 176.30 0.5929
M8 418.93 0.0014 197.28 0.1583
M9 467.01 0.0006 352.97 0.0636
M10 450.64 0.0393 176.30 0.5929
M1l | 247.60 0.2808 181.51 0.3023
M12 229.45 0.0007 182.70 0.5567
M13 | 498.52 0.0016 307.29 0.0299
M14 624.02 0.0011 180.23 0.6109
M15 | 425.59 0.0012 197.46 0.0588
M16 562.91 0.0028 223.23 0.0665
M17 | 332.02 0.0398 332.02 0.0398
M18 501.41 0.0063 360.98 0.1447
M19 | 575.57 0.0008 323.02 0.1327
M20 | 527.29 0.0006 382.86 0.1755
M21 | 422.57 0.0081 257.59 0.1481
M22 | 413.19 0.0004 231.69 0.0417
M23 505.53 0.0024 306.12 0.0307
M24 | 486.91 0.0028 180.23 0.6109
M25 342.56 0.0589 342.56 0.0589
M26 | 431.48 0.0002 259.41 0.0310

The shifts in the energy of the important low energy excitation peaks of initial
radical and first reaction products upon solvation in acetonitrile and ethanol are listed in

table 2.18.
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Table 2.18: Shift in the excitation energy of dicumyl peroxide dissociation radicals upon

solvation in acetonitrile and ethanol.

Excitation peak shift (nm)
Species | Excitation peak position (nm)

In acetonitrile | In ethanol
Ml 184 -1 0
M2 225 +5 +5
M3 229 -9 -8
M4 268 +8 +8
M5 182 -2 -2
M15 189 -6 -6

As it can be seen in table 2.18, also in case of radicals involved in the dissociation of

dicumyl peroxide, TDDFT/PCM calculations are not showing large changes in the

position of absorption peaks.
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CONCLUSIONS

Energy landscapes in photodissociation of diethyl peroxide, di-tert-butyl peroxide,
and dicumyl peroxide were studied. Our results show that main reaction of peroxides
decomposition can be identified by using DFT method for locating the transition states
on the potential energy surface.

Among the compared functionals (SVWN, BLYP, TPSS, B3LYP and M06-2X),
which have various degrees of approximation, M06-2X was found to be most suitable
by considering its accuracy in calculations of equilibrium geometries, relative energies,
and electronic excitation energies.

DFT method using M06-2X functional with aug-cc-pVDZ basis set in comparison
with 6-31g(d,p), 6-311g(d,p), 6-311g(2d,2p), cc-pVDZ, cc-pVTZ, aug-cc-pVDZ, aug-
cc-pVTZ, def2-SVP, and def2-TZVP basis sets was found to be adequately efficient by
comparing equilibrium geometries, O-O bond dissociation energies, electronic
excitation energies, and computation runtime.

DFT method using M06-2X functional with aug-cc-pVDZ basis shows sufficient
accuracy for relative energy calculations in the studied systems in comparison with
higher accuracy CCSD(T) method.

In our computations, the current parallel implementation of TDDFT code in
Gaussian 09 package determined to be efficient and Hyper-Threading was found to
decrease the computational performance due to various bottle-necks in shared system
resources.

As it has already observed experimentally, methyl radical abstraction is the main

dissociation mechanism for studied peroxides (diethyl peroxide, di-tert-butyl peroxide,
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and dicumyl peroxide) after O-O bond breaking. This reaction was found to have the
least activation energy in all studied systems.

Shifts in electronic excitation energies of studied radicals in acetonitrile and ethanol
were found to be similar and negligible in PCM/TDDFT calculations. These solvents
were found to be more effective on intensities of electronic excitation peaks. Therefore,
if ethanol and acetonitrile solvents do not incorporate in the dissociation reactions of
peroxides, their effects on UV-Vis absorption spectra can be neglected for
characterization purpose and gas phase calculations can be safely used to interpret and
compare the result obtained from solvent phase experiments.

Increase in the size of peroxide molecule and involved atoms number results in
increase of PES complexity and introduces many new reaction pathways which make it
harder to completely study all the possible reactions.

In study of radicals involved in dissociation of dicumyl peroxide we observed that
most of the radicals with radical center on aromatic ring have electronic excitation in

visible wavelengths.
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