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ABSTRACT

The work presented here seeks to intensify our understanding of quantum mechanical
tunneling (QMT) in hydrogen atom transfer (HAT) reactions. The work focuses on two sorts
of the reactions: (i) HAT from different substrate by same radical abstractor and (ii) HAT
from same substrate by different radical abstractor. We corroborate QMT in the chemical
reactions with an efficient exploration of potential energy surface (PES) using computational
approach. The PESs are computed using composite CBS-QB3 method and the obtained
energetics are utilized to determine the rate constant for these aforementioned reactions. The
rate constants including the effect of tunneling through the barrier have been calculated at
three different temperatures 77K, 273K and at 298K. Tunneling corrected KIE values have
also been computed using semi-classical Erying’s transition state theory equation and
compared with the available experimental findings to ascertain the reliability of the tunneling
contribution. It is observed that the probability of tunneling is highly dependent on the
symmetry & the narrowness of the PESs. Thereby, this work gives an insight into the

importance of tunneling and its contributing factors in simple H-atom transfer reactions.

Key Words: Potential Energy Surface, Quantum Mechanical Tunneling, Reaction rate,

Hydrogen atom transfer reactions, Kinetic Isotope Effect.

Vi



ACRONYMS AND ABBREVIATIONS

APNO
CBS
cC
Cl
CGTO
DFT
ECP
GGA
GTO
HAT
HF

HK

IRC
KIE
KS
LCAO
LDA
MO
PES
PGF
QMT
SCF
STO
TS
TST
ZPE

Atomic Pair Natural Orbital
Complete Basis Set
Coupled Cluster
Configuration Interaction
Contracted Gaussian type orbitals
Density Functional Theory
Effective Core Potential
Generalised Gradient Approximation
Gaussian Type Orbitals
Hydrogen Abstraction Reaction
Hartee-Fock Theory
Hohenberg-Kohn Theorem
Imaginary Frequency
Intrinsic Reaction Coordinates
Kinetic Isotopic Effect
Kohn-Sham Theorem
Linear Combination of Atomic Orbitals
Local Density Approximation
Molecular Orbitals
Potential Energy Surface
primitive Gaussian function
Quantum Mechanical Tunneling
Self Consistent Field
Slater’s Type Orbitals
Transition State
Transition State Theory

Zero-Point Energy

Vii



Table 3.1.

Table 3.2.

Table 3.3.

Table 3.4.

Figure 3.1.

Figure 3.2.

Figure 3.3.

LIST OF TABLES

Rate constants k (cm® molecule™ s™), quantum corrections k, kinetic isotope
effect (kn/kp) for the H-abstraction reactions at 77K

Rate constants k (cm® molecule™ s™), quantum corrections k, kinetic isotope
effect (kn/kp) for the H-abstraction reactions at 273K

Rate constants k (cm® molecule™ s™), quantum corrections k, kinetic isotope
effect (kn/kp)for the H-abstraction reactions at 298K

Tunneling efficiency (% tun) calculated for the reactions of scheme 1.1 &
scheme 1.2 at T = 273K and 298K

LIST OF FIGURES

Optimized geometries with geometrical parameters of stationary points
and qualitative representation of the potential energy profile of the
reaction scheme 1.1 using CBS-QB3 theoretical method.

Optimized geometries with geometrical parameters of stationary points
and qualitative representation of the potential energy profile of the
reaction scheme 1.2 using CBS-QB3 theoretical method.

Potential Energy (E, kcal/mol) vs Intrinsic Reaction Coordinates (amu?
bohr) for H-abstraction reaction from scheme 1.2 by TS3 and TS4
computed at B3LYP/CBSB?7 level of theory.

viii

15

15

16

17

12

14

19



Chapter 1

Introduction

One of the greatest challenges in chemistry is to understand how chemical reaction proceeds.
While studying the chemical reaction, one is generally anxious about knowing the reaction
mechanism with the followed trajectory and the rate at which it proceeds i.e., the subject of
chemical kinetics. An efficient exploration to chemical reaction is the study of transition state
theory (TST) which established the concept of potential energy surface (PES). Information on
kinetics formulated by Erying’s TST* Eq.1.1 of rate constant and mechanistic aspects by PES

study provides essential connections between molecular structure and reactivity.

AGH
k =k (kgT/h)e RT ---Eq.1.1

where AG* is the relative Gibbs free energy of the transition state with reactants, kg is the
Boltzmann’s constant, h is the planck’s constant and « is the transmission coefficient
that incorporated the tunneling corrections. Chemical reaction may pursue multiple pathways,
either classical (over the barrier) pathway or quantum (through the barrier) pathway* implies via
tunneling, resulting in the understanding of chemical reactions. Investigations of the chemical
transformations possesses quantum characteristic emphasizes the need and importance of

theoretical studies.

Most interesting and at the same time epidemic quantum mechanical phenomenon is
tunneling with a dominant contribution to the rates of many chemical reactions. Tunneling is
the quantum effect which allows the particles (having wave-like nature) to penetrate through
the potential energy barrier although lacking of energy to conquer them. Tunneling particles
prefers to travels across the higher potential energy region at the expense of reduced barrier
width. Being sensitive to barrier height and width, tunneling is admissible when the de
Broglie wavelength of the particle is of the same order of barrier width. Meanwhile the
energetic effect of tunneling lowers the semi-classical barrier and helps the chemical
transformation. We expanded our studies, thus the obvious manifestation of probability of
tunneling is dependent on mass of the particle m, height of the barrier E,, and the width of the
barrier. These are the dominant parameters controlling the tunneling reaction rate. > Thus,
tunneling is mostly restricted to-lighter (mass) atoms, and has advanced our understanding
towards the various (bio)chemical reactions involving electrons, proton, hydrogen or hydride

atom transfers. * But with the time, tunneling was also investigated for heavy atoms. It is



impossible to mention all the investigations that have been performed till now to establish the
importance of tunneling in chemical & biological reaction. We can only mention a few them.

Electron tunneling: Winkler and Gray investigated the electron tunnel amongst the various
sites in biological redox chains to facilitate biological reactions.”

Hydrogen or hydride tunneling: Truhlar shared viewpoint on the proton tunneling in
various ensemble enzymatic and non-enzyamtic reactions.’ In addition, Klinman probed the
role of hydrogen tunneling in enzyme systems specifically encountering the alcohol
dehydrogenase reactions.® Breslow and his co-workers evidently discovered that quantum
mechanical tunneling plays significant role in hydride transfer mechanism for isomerisation
of glyceraldehyde in prebiotic reactions.” Schreiner and his co-workers shows the
unexceptional reactivity of o-nitrobenzaldehyde in the photorearrangement reaction. As the
mimicking behavior of many carboxylic compounds led to the formation of product via H-
tunneling.® He also premeditated conformational changes in carboxylic acids, especially
various biological molecules undergoes rotamerization which is attributed by H-tunneling.®
Carbon tunneling: Sheridan et. al. reviewed the carbenic rearrangement reaction which
featured the carbon tunneling in the ring expansion of noradamantylchlorocarbene.'®
Similarly, Schreiner and his co-workers studied that carbon tunneling contributes
significantly to yield cyclobutene as product in the ring expansion of the parent compound
i.e. cyclopropylcarbene.®

Tunneling also found very much important in C-H activation catalyzed by high-valent
Fe(1V)O complexes.**™

Thus, it has been noted that the quantum effects like tunneling, most prominently can occur
in various areas of science.!’ Currently, Hydrogen atom transfer (HAT), ubiquitous in
majority of (bio)chemical reactions, has garnered the significant attention in theoretical
studies because of the possibility of the presence of tunneling.

Considering above, our goal is to study the simple representative (hydrogen atom
transfer/abstraction reaction) reaction with an efficient exploration of potential energy surface
(PES) of the reaction using the quantum computational approach. We basically studied two
types of reaction with the aim of understanding the reactivity pattern and the role of tunneling
e.g.

(i) HAT from different substrate by same radical abstractor presented in scheme 1.1.

(ii) HAT from same substrate by different radical abstractor given in scheme 1.2.



Scheme 1.1. General Reaction Scheme for methyl radical abstracting hydrogen atom from
different substrates

CH; + H—CH,X

CH, + CH,X
where X=H, NH,, OH

Scheme 1.2. General Reaction Scheme for different radical abstracting hydrogen atom from
methane

Y + H—CH, HY + CH,

where Y= OH, OOH, OCH;,CH;



Chapter 2

Theoretical Background and Detailed Computational Methodology

Chemistry is one of the novel science disciplines, generally concerned with the chemical
transformations through ‘breaking’ and ‘forming’ of bonds and the central fundamental
things is to realize every step of it i.e., called reaction mechanism. Exploration of the reaction
mechanism is quite difficult even at the state-of-art technique due to the presence of short
lived intermediate, multiple reaction pathways etc. Computational chemistry can be a

complementary tool of the experiment in this aspect.

Computational chemistry is a technique used to solve chemical problems using suitable
computer programming/algorithm. Schrodinger equation can’t be exactly solved for multi-
electron system even after using advanced mathematics or powerful computer.®
So, the central task is to understand the nature of the chemical system for the given n-electron
system by solving the Schrodinger equation approximately to obtain the wave function which
depicts the physical properties and total energy of the system. In the following sections, we
are going to preface some of the basic principles of quantum chemistry followed by
computational techniques that allow us to find the quantitative solution to distinct problems
of electronic structure theory.'® Computational chemistry is the modernist approach to
various complexes, stagnant and pragmatic models of chemical systems. It not only solves
the equations of quantum mechanics but also the equations of classical mechanics with

relative ease.

2.1 Schrodinger Equation Underpinned Theoretical Chemistry

To describe a physical system in quantum mechanics a function is introduced called the
“wave function” denoted by Greek letter ¥. It is a function of electronic and nuclear
coordinates containing the complete information about the system and gives away an
observable property of the system when an appropriate operator e.g., “Hamiltonian” is
applied to it, which describes the total energy of the system, leading to the following

Schrodinger’s equation:
Hy = Ev - Eq 21
where H is the Hamiltonian operator, ¥ is the wavefunction (eigenfunction for a given

Hamiltonian) and E is the energy of the system and the time-dependent Schrodinger’s

equation is given by:



. i :_ia \P(q,t)
ih 2 w(q,) = -

- + V(q, t)¥(q,t) --Eq.2.2
where the wavefunction ¥ depends upon the spatial coordinates (q) of electrons and nuclei of
the system and the time (t).

In general, H can be expanded as:

H=Te+To+ Vo + Vee + Vi —Eq.2.3
where T, and T, are the Kinetic energy operators for electrons and nuclei respectively, Ve
represents attractive potential energy between electrons and nuclei, Ve and Vy, represents
inter-electronic and inter-nuclear repulsion potential energy respectively. Different terms
involved in the above Eq.2.3 are written as:

| N | M 1
e .. * 2 T _ T 2
T = 32“ In = QZJAT*
1= —
N M
- Ea
Vie==>_ > =
im1 A—1 14
N N M M
~ 1 ~ ZAZpB
Va3 i Tm=Y >
i ou W A=1B>A " AB --Eq.2.4
Now H can be written as
N M N N M M
1 5 1 ZJ, VA"
H=- 3 V- 3 =V Z ZZ DI
4% Z A I'iA X 14
i=1 A=1 i=1 A=1 i=1 j>i A=1B>A “Eq25

where A and B denotes the M nuclei and i, j denotes the N electrons system.

There are several approximations were taken in computational quantum chemistry to solve

Schrodinger equation for multi-electron system. Few of them are discussed as follows:

2.2 Born- Oppenheimer Approximation

Referring to previous argument, ¥ is the function of the position of electrons and nuclei of

the system. Due to large mass difference between nuclei and electrons, Born-Oppenheimer
approximation declares that electrons move faster than nuclei and the motion of nuclei is
considered to be frozen whereas neglecting all other relativistic effects. To this, it presumes

that the Kinetic energy of nuclei to be zero yet partly responsible for the potential energy of



the system. Applying this approximation to Eq.2.5 second term is no longer necessary and the
final term, nuclear repulsion is omitted (constant term doesn’t bother to wave function). Now,

the Schrodinger’s equation involving the purely electronic Hamiltonian is written as:

HelecPelec = EelecPelec --Eq.2.6
Potential energy surface concept is the after-effect of this approximation. It is well known
that Born-Oppenheimer approximation is not globally bonafide for exact solution of
electronic Schrodinger equation for n-electron systems as the inter-electronic repulsion term
makes it impossible.®

2.3 Hartree-Fock Self-Consistent Field Method

With objective to solve many electron system problem, preceding approximation bring ups

the subject that inter-electronic repulsion makes Schrodinger equation non separable and not
exactly solved. So, laid groundwork (new approximation) for many quantum mechanical
problems called Hartree-Fock (HF) approximation, which is also known as Self-Consistent
Filed Theory (SCF).'® With respect to set good approximation to obtain the ground state
energy of n-electron system HF addressed that each electron experiences the repulsion in
average fashion rather than explicit electron-electron interactions i.e. each electron moves
entirely free (irrespective of all others) in an average field led by other electrons. Electrons
are enclosed to spin orbitals and changes in order to attain minimal energy which is
accomplished via variational principle, thereby producing the Eq.2.7 called HF equation-

Foi = i ¢; --Eq.2.7
Where F is the Hartree-Fock operator, &; corresponds to the energy of the i spin-orbital o; .
The Hartree-Fock operator F is expressed as the sum of one electron core Hamiltonian and
the HF potential, corresponds to coulomb and exchange integrals terms.
Self-Consistent Field (SCF) method describes the electronic interactions in terms of mean-
field, the non-existence of antisymmetric nature of wavefunction whereas, HF assumes inter-
electronic interaction as an average potential resulting to a single determinant solution,
thereby assuming that one determinant is a sufficient description of wavefunction, which
includes the antisymmetric nature of the wavefunction.
Two major shortcomings of HF method are that, hypothetically each energy eigenfunction is
interpretable by single slater-determinant which doesn’t consider the coulomb correlation and
secondly the instantaneous interaction between the electrons pairs i.e. neglecting the
correlation between electrons with the same spin. Thus, the induced correlation problem in

HF energy is defined as the correlation energy.



Ecorr = Etot - EnF --Eq.2.8
where, Ecor is the missing energy, Enr is the Hartree-Fock energy which is always greater
than the exact non-relativistic energy Eir. Most of the techniques practice the HF
approximation as initiation, to correlate electrons by more précised computational methods.
Fleshed with new approximation theory, “post-hartree-fock” method which includes the
Configuration Interaction (CI), Moller-Plesset Perturbation theory?® and Coupled Cluster
(CC) theories.?” However, these theories are not exercised in this thesis, so not continued.

2.4 Density Functional Theory

The speculation behind Density Functional Theory (DFT)' is that energy of the system is
computed from electron density which serves as fundamental quantity rather than the
wavefunction. This theory is premised on two theorems namely, Hohenberg-Kohn (HK)®
theorem and Kohn-Sham (KS) approach.'® Firstly, Hohnberg-Kohn theorem states that
ground state energy is a functional of both the potential and the electron density. Thus,
electron density provides a minimum ground state energy using the variational calculus. But
HK vyields a poor representation of obtaining the ground state energy from the electron
density and unable to explain a way of acquiring the electron density. Then Kohn-Sham
realised that problem lies with the way kinetic energy is depicted. Therefore, KS devised a
method having similar approach as Hartree-Fock (system is described by single determinant
wavefunction) by replacing the interacting system with an auxiliary non-interacting system in
an effective local potential. In this formulation, the electron density is expressed as a linear
combination of basis functions similar to HF orbitals. For exact functional, orbitals (from
these functions) need to yield exact ground state density thus, ground state energy and
potential, where potential is substituted by the exchange-correlation potential.

E=Tni+Vne+ Vee+ AT + AVee --Eq.2.9
Aforesaid that E is function of electron density, where T; is the Kkinetic energy of the non-
interacting system, Vy. the attraction between nuclei and electrons, Ve is the classical
electron-electron repulsion, latter two terms are collectively exchange — correlation energy
constituting the correction to Kinetic energy and non- classical components of electronic
repulsion energy. Exchange-correlation energy is unknown and is advanced with various
functional treatments to compute the accurate energy. These functional treatments are not
further discussed in details but brief outline is examined in next section. Also, above stated

overview of DFT is less detailed but worthy understanding.



2.5 Functionals

To investigate the total energy of the system, further multiple approximations (functionals)
were developed to find this the exchange-correlation energy. These functional are mainly
described by three exchange-correlation components: (i) Local Density Approximation
(LDA)® (ii) Generalised Gradient Approximation (GGA)* and (iii) Hybrid Functionals.
Anyway, generalised gradient functional consists of electron density gradient, usually solving
the exchange and correlation terms individually. Hybrid functional formulates exchange
functional as the linear combination of HF, local and gradient-corrected exchange terms.

For example, B3LYP?# is the commonly used hybrid approach for studying exchange
correlation and used in our present study as functional. B3 is the exact exchange functional,
part of hybrid functional which was developed by Becke whereas LYP is the GGA
correlation functional, which was proposed by Lee-Yang-Parr. This combination of exchange
and correlation is made to describe the complete system.

2.6 Basis Set

In chemistry, basis set is a set of functions (non-orthogonal) that elucidate the state of the
molecular system. These functions correspond to atomic orbitals, basically used to build
molecular orbitals (MO). These functions are centered on atoms specifically each atomic
nucleus, but there is possibility to have basis functions centered on bonds and are expanded
as linear combinations of atomic orbitals with coefficients, which was often referred in the
LCAO-MO (linear combination of atomic orbitals) approximation.*®

Molecular wavefunction comprise of both a radial and spherical components, where
illustration of radical part is the key component of the basis functions. Primarily there exists
two types of basis functions namely, Slater’s Type Orbitals (STO) and Gaussian Type
Orbitals (GTO). Although STO’s resembles the behavior of hydrogenic orbitals which is
quite evident from exponential dependency i.e. distance between the nucleus and the electron.
The key difference between both is: the use of normalization factor, spherical coordinates,
angular momentum and the exponential dependence () in STO’s whereas, GTO’s uses the
normalization factor, cartesian coordinates and exponential dependence (e*? ) for the
description of atomic orbitals in their mathematical expression. However, the calculations
with Slater orbitals is computationally demanding but the calculations of two or more center
two electron integrals became extremely slow. Therefore, the use of GTO’s makes
computational easy but functionally they lacks a cusp at nucleus. So, consequently STO’s are

approximated as linear combinations of Gaussian orbitals, as result, obtaining contracted



Gaussian type orbitals (CGTO). Depending upon the molecular system basis sets are further

classified along with the functional modification.

Minimal Basis Set is the smallest basis set composed of minimum number of basis
functions. For example, STO-3G basis set is the smallest minimal basis set indicating
that each basis function uses 3GTO’s (primitive Gaussian) to resemble slater type
orbitals.

Split-Valance Basis Set is to depict the valence orbitals (valence electrons taking part
in the molecular bonding). These are X-YZg type where X,Y,Z are integers. For
example, 6-31G basis set, which illustrate that core orbitals are described by six
primitive Gaussian function (PGF) and valence orbitals splitted into two basis
function, one is composed of three PGF and other only one.

Moreover, polarized functions are exercised to basis set for the flexibility of the
orbital as another atom approaches it.

Diffuse Basis Set uses diffuse function to identify the wavefunction, are indicated as
‘“+” sign. For example, 6-31+G describing the part of atomic orbitals distant from the
nuclei. The molecular system containing lone pair, anions or to heavy atom system,
also molecular system possessing low ionization potential contributes to the Gaussian
basis function and hence, corresponds to atomic orbital shape with more accuracy.
Effective Core Potential (ECP) and many more.

This thesis primarily doesn’t contain any application of other basis set.

2.7 Complete Basic Set (CBS)

The composite ab initio CBS method emulates an infinitely large basis set with aim to predict

highly accurate molecular energy of system at relatively low computational cost. There are
three basic members of CBS methods: CBS-4M,? CBS-QB3* and CBS-APNO® in

ascending order of accuracy. The APNO (Atomic Pair Natural Orbital) version being most

accurate, still we preferred CBS-QB3 as it is much faster at relatively low computational cost.
Essential steps involved in CBS-QB3 method?*:

A geometry optimization and frequencies at B3LYP/CBSB7 where, B3LYP
functional calculations are performed with 6-311G(2d,d,p) basis set.

Single point energy calculations are executed at CCSD(T)/6-31+G(d) and
MP4SDQ/CBSB4 levels.



e With an extrapolation to infinite basis set limit using natural pair orbitals energy at the
MP2/CBSB3 level together with an additive correction at CCSD(T) level, to yield the
total energy of the system.

2.8 Potential Energy Surface (PES)

A PES is the graphical representation which aids us visualizing and understanding the
molecular geometry corresponding to the potential energy. One of the cornerstones of PESs is
its stationary points for examine the chemical reactions. As significance, molecules like to be
at lowest possible energy. Thus, stationary points corresponding to actual molecules with
measurable lifespan are energy minima points. These necessary points evaluated on a PES are
classified corresponding to the first and second derivative of the energy. Mathematically,
stationary points are characterized by a null first derivative of the potential energy with
respect to each geometric parameter:

v _ v

= =..=0 --Eq.2.10
99, 9q; |

So, these energy minima all are positive by curvature whereas saddle point is the maximum
connecting two minima’s depicted by negative curvature in one direction and positive in all
other direction corresponds to the transition state. Distinguishing these minima and maxima,

we can write:

At minima, second derivatives are positive due to positive curvature:

And at saddle point, one of second derivative is negative whereas all other are positives i.e.

0%V

547 <0

And
2%V

57 >0

In addition, it is analyzed that force constant (k) is given by the second derivative of the
potential energy, logically force constant is proportional to the frequency (v) of the molecule

or vice-versa.

10
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k = a—V and v = L E '-Eq211

OR? 2TIC Al 1
Focusing on the above data, further analysis will be discussed in next section.*®

2.9 Computational Methodology

All the calculations briefed in this study were carried out with the help of GAUSSIAN 16
program.”® We carried out the calculations using high-level composite method: CBS-QBS3,
based on CBS model. For depiction of transition states (one imaginary frequency), zero-point
energy (ZPE) correction and the stationary points as minima (no imaginary frequency) etc.,
vibrational frequencies were studied at B3LYP/CBSB7 theoretical level. Intrinsic reaction
coordinate (IRC) calculations assure that the computed transition state structures connect the
desired reactant and product, were performed at B3LYP/CBSB7 theoretical level. Using IRC
calculations we tried to comprehend the narrowness of the potential energy barrier.

We calculated the reaction rates for all reacting systems using TheRate program?’ and
obtained rate constants, also tunneling transmission coefficient using Eckart barrier.?® H-D
Kinetic isotopic effect (KIE) value were calculated using Erying equation obtaining the
required data from the rate output file for all the reactions and compared with the reported
experimental data to ascertain the reliability of the tunneling contribution. As experimental
data was reported at 77K, we collectively measured the rate data at three different
temperatures i.e. 77K for comparison, 273K and 298K for differentiating the rate studies at

different temperatures.

Moreover, for producing the inputs and visualization of the molecular structures and for

analyzing the computed results we used Chemcraft program. *°

11



Chapter 3

Results & Discussion

To systematically investigate the nature of H-abstractions the CBS-QB3 PES has been drawn
separately for both scheme 1.1 & 1.2. The sum of the energies of the reactants are assumed
as zero for reference in the PES. Secondly, we have also calculated the rate constants,
transmission coefficients and tunnelling corrected KIE and the results are presented in the
tabulated form. The transition state geometries along with key geometrical parameters are

also presented in the PESs profile.
Description of PES of Scheme 1.1:

The PES related to the reactions of scheme 1.1 and the corresponding transition states are

depicted in figure 3.1.

@
& 179.99
1.35
¢ ..@
© TS3 16.97
. —_——
" i=1638.26 (22.90)
_% u :; TS2 12.40 .“\ ﬁv&m 17898
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Figure 3.1. Optimized geometries with geometrical parameters of stationary points and
qualitative representation of the potential energy profile of the reaction scheme 1.1 using
CBS-QB3 theoretical method. Note that the relative electronic energy (kcal/mol) with ZP
correction outside the parentheses and relative gibbs free energy with ZP correction inside the

parentheses.
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Reaction between CHj; radical & CH3;NH,: The product P1 is formed via the transition
state TS1 where CHjs radical is abstracting hydrogen from carbon of methylamine which
exhibits 10.67 kcal/mol energy of activation. The H-abstraction takes places roughly in linear
fashion with angle 178.34 in which H-CH,NH; distance is 1.27 A and H-CHj distance is
1.48 A. The TS1 contains an imaginary frequency 1378.03 cm™,

Reaction between CHj; radical & CH3OH: The product P2 is formed via the transition
state TS2 possesses 12.40 kcal/mol energy of activation where CHj radical is abstracting
hydrogen from carbon of methanol with bond forming H-CH3 1.44 A distance and H-CH,OH
distance is 1.29 A. The TS2 comprises an imaginary frequency 1536.77 cm™.

Reaction between CHj radical & CH,: The product P3 is formed by the direct attack of
CHjs radical on the carbon atom of CHy, in linear fashion with angle 179.99° via the transition
state TS3 with the barrier of 16.97 kcal/mol. The bond breaking H-CH3; distance is same as
the bond making H-CHj distance which is 1.35 A. In this reaction pathway, we observed the
symmetry within the PES. The imaginary frequency corresponds to TS3 is 1638.26 cm™.

Description of PES of Scheme 1.2:

The next is to investigate nature of abstractor via PES profile figure 3.2 for the reactions of
scheme 1.2, in which different radicals tends to abstract hydrogen atom from the same

substrate i.e. methane.

Reaction between OH radical & CH,: The product P4 is formed via the transition state TS4
having the lowest energy barrier of 4.15 kcal/mol. The hydrogen atom is abstracted at the
angle 170.68° with the O-H distance of 1.29 A whereas C-H distance is 1.23 A. The
imaginary frequency of TS4 is 1104.86 cm™.

Reaction between OCHj radical & CH,: The product P5 is formed by the direct attack of
oxygen atom to abstract the hydrogen from CH, via the transition state TS5 possessing
second lowest energy barrier of 10.77 kcal/mol and the imaginary harmonic frequency for
TS5 is 1664.70 cm™. The abstracting O-H distance is 1.88 A and the C-H distance is 1.32 A.
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Figure 3.2. Optimized geometries with geometrical parameters of stationary points and
qualitative representation of the potential energy profile of the reaction scheme 1.2 using
CBS-QB3 theoretical method. Note that the relative electronic energy (kcal/mol) with ZP
correction outside the parentheses and relative gibbs free energy with ZP correction inside the

parentheses.

Reaction between OOH radical & CH,: Among corresponding H-abstraction barriers, TS6
possesses the highest energy barrier of 22.83 kcal/mol with an imaginary frequency of
1430.30 cm™. Peroxide radical oxygen tends to abstract hydrogen in linear fashion from
methane with the angle of 178.59° where O-H distance is 1.11 A and C-H distance is 1.44 A.

Kinetics:

Other than the activation energies given in the PES, tunneling also plays significant role on
the chemical rates. We are going to provide an insight into tunneling affecting the rates of
chemical reactions. As mentioned earlier, tunneling is considered as a correction to the rate of
reaction, taking following into account we computed the rate constant for H-abstraction
reactions scheme 1.1 & 1.2 at three representative temperatures 77K, 273K, 298K shown in

table 3.1, 3.2 and 3.3, respectively.
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Table 3.1. Rate constants k (cm® molecule™ s™), quantum corrections k, kinetic isotope effect
(kn/kp) for the H-abstraction reactions at 77K

Species Ky KD Ky Kp kn/Kp

NH2CHz-H--CHs 3.46E+19 5.01E+17 1.66E-23 6.66E-28  2.49E+04
HOCH,-H--CHj3 5.79E+23 3.89E+21 1.85E-24 3.44E-29  5.38E+04
CHs-H--CHjs 1.77E+31 3.39E+27 3.34E-29 2.87E-35 1.16E+06
CH;-H—OH 7.65E+06 5.51E+06 4.36E-16 5.83E-19  7.48E+02
CH3-H--OCH3 7.26E+20 6.09E+18 1.00E-22 2.17E-27  4.62E+04

CHs;-H--OOH 4.43E+12 3.07E+12 1.30E-64 3.92E-67 3.31E+02

Table 3.2. Rate constants k (cm® molecule™ s™), quantum corrections k, kinetic isotope effect
(kn/kp) for the H-abstraction reactions at 273K

Species KH KD Kn ko kn/kp
NH,CH;-H--CH3 19.92 5.12 3.13E-20 1.58E-21 19.77
HOCH;,-H--CH;s 56.25 7.96 1.89E-21 5.34E-23 35.51

CH3-H--CHjs 157.60 11.69 3.80E-24 6.56E-26 57.96
CH3;-H—OH 04.37 2.66 3.38E-14 3.77E-15 08.95
CH3-H--OCHjs 68.13 9.62 6.13E-20 1.72E-21 35.58
CHs3-H--OOH 14.69 5.29 7.90E-30 6.55E-31 12.07
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Table 3.3. Rate constants k (cm® molecule™ s™), quantum corrections k, kinetic isotope effect
(kn/kp) for the H-abstraction reactions at 298K

Species KH KD Ky Kp kin/Kp
NH,CH,-H--CH3 11.00 03.84 9.32E-20 7.37E-21 12.65
HOCH,-H--CH3 24.16 05.34 5.71E-21 2.89E-22 19.71

CH3-H--CHj; 51.28 07.03 1.69E-23 6.18E-25 27.38
HOCH,-H--CH3 24.16 05.34 5.71E-21 2.89E-22 19.71
CH3-H—OH 03.52 02.32 5.27E-14 7.46E-15 07.06
CH3-H--OCHj; 30.47 06.31 1.55E-19 7.43E-21 20.88
CH;-H--OOH 09.27 03.99 1.80E-28 2.05E-29 08.79

It is important to mention here that the calculated transmission coefficients, ky, are quite large
for most of the reactions and it has huge influence on the rate. We can also calculate the
contribution of tunneling on the total rate through thermal and tunneling using the following

simple equation.

% tunneling = 100 X [(Keckart — 1)/ Keckart] --Eq.3.1

where Keeart 1S the transmission coefficient of the Erying equation including Eckart-tunneling
within it. Eckart tunneling calculations were performed using TheRate program.?® This
equation Eg.3.1 demonstrates about the efficiency of tunneling. By means of computed
transmission coefficient k (for H only) we illustrated that >90% of the reaction is conducted
by virtue of tunneling at temperature 298K except hydroxy radical, whereas efficiency of
tunnelling at T,73k is indicated in the table 3.4. This huge impact of tunneling pointing that
“what brought this?” This can be understood by the study the of KIE analogy i.e. criteria to
verify the proposed tunneling process. So, the computed studies indicated in table 3.1, 3.2 &
3.3 shows that how the KIE values changes at different temperatures, illustrating that the

tunneling contribution to the rate constant is more at lower temperature.

Also, at 77K, it is alleged that >99 % of the reaction is notched up because of tunneling. For

some of H-abstraction reactions of CHs radical, experimental KIE values were reported.*
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Here we are trying to authenticate our tunneling results by calculating KIEs values and
comparing them with the reported experimental data. Tables 3.1, 3.2 and 3.3 collectively
display the calculated KIE values at three different temperatures.

Table 3.4. Tunneling efficiency (%tun) calculated for the reactions of scheme 1.1 & 1.2 at
temperature T = 273K & 298K

Species % tun,g % tun,;
CHs-H--CHj; 98.0 99.3
NH,CH,-H--CH3 90.9 94.9
HOCH,-H--CH3 95.8 98.2
CH3-H--OH 71.6 77.1
CH3-H--OOH 89.2 93.2
CH3-H--OCHjs 96.7 98.5

Williams et. al. in late 1980s reported an evidence of tunneling in organic reactions by
computing the experimental KIE values at temperature 77K.%* The reaction of methyl radical
with acetonitrile and methanol shows KIE > 28,000 and >1000 respectively at the
temperature of interest of 77K. However, we measured the KIE for methanol and obtained
ku/kp = 53,800 in table 3.1, this KIE is substantially larger than William’s value but
approachable. The difference may be due to the one-dimensional Eckart tunneling calculation
which overestimates tunneling at low temperature. We also measured the KIE for
methylamine and obtained kn/kp = 24,900 in table 3.1, whereas we computed general
reaction, methyl radical abstracting hydrogen from the similar substrate i.e methane and
measured the KIE, found to be exceptionally larger (ku/kp = 11, 60,000). It seems that the
value of KIE is maximum when TS is symmetric whereas KIE decreases as the substrate

changes.

We also measured KIEs for the reaction of scheme 1.2 depicting the effective approach of

tunneling in table 3.1, 3.2 and 3.3. The reaction of hydroxyl radical, peroxy radical and

17



methoxy radical with methane shows KIE values 748, 331 and 46200 respectively at 77K.
This value of KIE for hydroxyl radical and peroxy radical is evidently smaller but still
contributing to reaction to be carried out through tunneling.

After the careful comparison of the PES and the tunneling corrections it is found that the
symmetry and the width of the PES has a great role on tunneling. Now, let’s discuss their role
one by one. The reaction profile figure 3.1 studied that the reaction of methylamine with TS1
and methanol with TS2 possesses exothermicity of -8.37 kcal/mol and -11.78 kcal/mol
respectively whereas methane TS3 is thermo neutral possesses negligible energy of 0.1
kcal/mol based on theoretical calculations. Consequently, the reaction of CH; radical with
CH, as substrate provides symmetrical PES profile whereas the use of different substrates
distorts the symmetry of the PES profile figure 3.1. Additionally, examined the reaction
profile figure 3.2 which dramatizes that OH and OCH3; radicals on H-abstraction from CH,
exhibits the trifling exothermicity of -0.02 kcal/mol and -1.15 kcal/mol respectively whereas
OOH radical on reacting with CH, is highly endothermic, 16.12 kcal/mol at 273K. The
reaction profile figure 3.2 is highly asymmetric.

As noted above, tunneling probability depends upon the mass of the moving molecule, the
barrier height and the barrier width. Apart from the above master outline, tunneling effect
mainly depends on the shape of barrier hereby, I mean the narrowness of the PES. The
imaginary vibrational frequency (IF) corresponding to the motion of molecule in transition

state is major contributing factor to the narrowness of the barrier.

Thus, the IF of the all TSs are given in PES of reactions in figure 3.1 and figure 3.2. Higher
the IF slimmer the barrier, resulting to the large transmission coefficient with increase in the
IF of TS thus, high KIE value. This trend is followed by the TSs in the reaction scheme 1.1,
where TS3 having the highest IF of 1638.26 cm™, thus narrower the barrier and TS2 having
the second highest IF of 1536.77 cm™, wider the barrier as compared to TS3 and the TS1
having the smallest IF value of 1378.03 cm™ with widest barrier amongst three of the above
shown in figure 3.1. Infrequently, this trend is untracked for the reaction scheme 1.2 due to
the asymmetry nature of the PES in figure 3.2. Above mentioned postulate of IF contributing
to the narrowness of the barrier can be studied with the aid of diagram like figure 3.3 showing

the Eckart potential plot against the IRC of two H-abstraction reactions.
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for H-abstraction reaction from scheme 1.2 by TS3 and TS4 computed at B3LYP/CBSB7

level of theory.

It shows that TS4 exhibits a small wide barrier in the range of -3.5 to +4.3 units of IRC in
transition state region whereas TS3 possesses a sharp barrier in the range of -5.2 to +5.2 units
of IRC in figure 3.3. Taking cognizance of above, the factors like height of the barrier, width
of the barrier, imaginary frequency, PES symmetry or asymmetry etc. collectively controls
the value of transmission coefficient i.e. the tunneling effect specifically in H-abstraction
reactions. All these plausible explanations attributes to the possibility of tunneling through

the potential energy barrier.
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Chapter 4

Conclusion

To solve the complexity of reaction pathways and to account for the reaction rates, our study
is centralized on the quantum phenomenon namely quantum mechanical tunneling. The
PESs, activation energies, rate constants and transmission coefficients have been computed at
high level CBS-QB3 method. QMT is found ubiquitous in hydrogen atom transfer/abstraction
(HAT) reactions. We found that approximately more than 90% of the H-abstraction reactions

are conducted by virtue of tunneling at temperature 298K.

This thesis also scrutinized the PESs of the systematically chosen simple H-abstraction
reactions to find their role on quantum mechanical tunneling. Concluding briefly, we
observed that tunneling probability is higher in case of symmetric thermoneutral PES (e.g.,
the reaction possesses TS3) than in the exothermic or endothermic PESs (e.g., the other
reactions). The imaginary vibrational frequency contributing to the narrowness of barrier,
studied using IRC calculations, also proves the higher tunneling possibility for the
transformations possesses narrow barrier. Here we also authenticated our tunneling results by
calculating KIE values theoretically and compared with the reported experimental data at
temperature 77K, elaborately addressed in chapter 3 of this thesis. We found that our
theoretically calculated KIE values deviates from reported values but are significantly
approachable. Without dragging out, we led to the conclusion that mostly H-abstraction
reactions exclusively follows tunneling control but at different extent and as outcome thereby

tunneling is favored at lower temperature.
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