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ABSTRACT

In recent years, Density Functional Theory (DFT) has become a promising choice
for investigating the molecular properties of transition metal complexes. This thesis
analyzes computational studies on transition metal complexes of aniline derivatives (p-
toluidine and m-toluidine) using DFT. A literature review on transition metal complexes
and related DFT studies is presented in the first chapter, whereas an introduction to the
theory behind DFT is explained in the second chapter. Chapter 3 mentions the choice of
B3LYP/def2-TZVP level for calculations using Gaussian 03 program. Optimized
molecular structures, charge, spin distributions and also vibrational frequencies of Mn,
Co, Ni, Cu, Zn, Cd, and Hg bromide complexes, and Ni, Zn, and Cd iodide complexes
of p-toluidine and m-toluidine are provided in a detailed manner in chapter 4. Stable
complex geometries have been obtained considering each accessible spin state. Charge
distribution analysis for the title compounds have been performed by means of
Mulliken, NBO and APT methods, and physically most meaningful method for our
compounds is explained. The vibrational band assignments are determined based on the
computational results expressed in terms of internal coordinates with percent potential
energy distributions (PED). The effects of the ligands on the vibrational modes of the
metal complexes upon coordination are also elucidated. And finally significant
outcomes of this study are summarized in chapter 5.

Keywords: Density Functional Theory, def2-TZVP, Transition Metal Complex,
Molecular Structure, Charge and Spin Distribution, Vibrational Frequency.



YOGUNLUK FONKSIiYONEL TEORI iLE ANILIN TUREVLERI
GECIiS METAL KOMPLEKSLERININ MOLEKULER YAPISI VE
TIiTRESIM SPEKTRUMLARININ INCELENMESI

Tayyibe BARDAKCI

Doktora Tezi — Fizik
Haziran 2015

Tez Danigsmani: Prof. Dr. Mustafa KUMRU

(0Y/

Son yillarda, gegis metal komplekslerinin molekiiler 6zelliklerini incelemek igin
Yogunluk Fonksiyonel Teorisi (DFT) umut verici bir tercih haline gelmistir. Bu tezde
DFT metodu kullanilarak anilin tiirevleri (p-toluidin ve m-toluidin) gecis metal
komplekslerinin bilgisayara dayali hesaplamalari analiz edilmistir. Gegis metal
kompleksleri ve ilgili DFT ¢aligmalarinin literatiir taramasi ilk boliimde verilirken,
DFT’nin anlasilmasi i¢in gerekli olan teorik bilgi de ikinci boliimde anlatilmistir.
Uciincii  boliim, Gaussian 03 programi kullanilarak yapilan hesaplamalarda
B3LYP/def2-TZVP seviyesinin tercihine deginir. P-toluidin ve m-toluidinin Mn, Co,
Ni, Cu, Zn, Cd, ve Hg brom ve Ni, Zn ve Cd iyot komplekslerinin optimize edilmis
molekiil yapilari, yiik ve spin dagilimlari, ve ayrica titresim frekanslar1 detayli olarak
dordiincti boliimde verilmistir. Komplexlerin kararli geometrileri, ulagilabilen her spin
seviyesi dikkate alinarak elde edilmistir. Yik dagilimi analizinde Mulliken, NBO ve
APT yontemleri kullanilmig olup, bizim molekiillerimiz i¢in fiziksel olarak en anlaml
sonu¢ veren yoOntem belirlenmistir. Hesaplamalarin sonucunda, titresimsel band
atalamari i¢ kordinatlar tiiriinden ifade edilip, % potensiyel enerji dagilimlariyla (PED)
birlikte verilmistir. Ayrica, ligandlarin, metal komplekslerinin titresim modlar {izerine
etkisi izah edilmistir. Ve son olarak bu ¢alismanin onemli sonuglar1 besinci boliimde
Ozetlenmistir.

Anahtar Kelimeler: Yogunluk Fonksiyonel Teorisi, def2-TZVP, Gegis Metal
Kompleksi, Molekiiler Yapi, Yiik ve Spin Dagilimi, Titresim Frekansi.
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CHAPTER 1

INTRODUCTION

Describing how matter behaves has been one of the fundamental goals of quantum
mechanics since the beginning of the 1900s and it is possible to understand it in
microscopic level by solving time-independent Schrodinger equation. However, it was not
easy to solve this equation, particularly for many body systems as Paul Dirac [1] stated in
1929:

“The fundamental laws necessary for the mathematical treatment of large parts of
physics and the whole of chemistry are thus fully known, and the difficulty lies only in the

fact that application of these laws leads to equations that are too complex to be solved.”

Although various approaches to solve the Schrédinger equation have been proposed
by physicists and chemists in those years, amazing breakthrough has been provided with the
development of the modern computers. Thus, computational studies based on the laws of
guantum mechanics have become an important tool to understand the properties of atoms
and molecules, and have been the center of attraction for many disciplines. Now with the
use of clustered computers, it is also possible to predict accurate results even for large
systems. Nevertheless, working theoretically on transition metal containing systems is still
challenging and computationally expensive due to the strong correlation effects and open
shell configurations of some transition metals [2-4]. In order to obtain reliable results for
investigating the transition metal complexes, density functional theory (DFT) has recently
become a promising choice [5]. DFT is exact in principle and able to predict the molecular
properties of transition metal complexes almost accurate since electron correlation effects
are included in DFT [6]. Therefore, taking into account of the accuracy and the
computational cost, DFT is become most preferred method for studying transition metal

complexes [6-8].



1.1 TRANSITION METAL COMPLEXES

In a transition metal complex, a central transition metal atom is coordinated to one
or more ligands, which donate electrons from a lone pair electron to the metal orbital
via coordinative covalent bonds. The geometry of a transition metal complex is
determined by the number of ligands bonded to the metal atom. The number of bonds is
also named as coordination number, and this number can be changed according to the
electronic configuration and the charge of the metals and the ligands. In Fig. 1.1 some

common examples of the transition metal complex geometries are provided.

Trigonal Tetrahedral Square planar
(3-coordinated) (4-coordinated) (4-coordinated)

Trigonal bipyramidal Quadratic pyramidal Octahedral
(5-coordinated) (5-coordinated) (6-coordinated)

Figure 1.1 Complex geometries [9].

Spin states of transition metal complexes are also important in their
classifications. High spin and low spin are the possible spin configurations of the d
orbital of a metal atom, and schematic demonstration is given in Fig. 1.2. Generally
octahedral complexes have high spin states, but nevertheless calculations are performed
considering each accessible spin state. Computations on transition metal complexes can
predict stable spin state of a complex accurately, by taking account of the energy

differences.



High Spin Low Spin

T 1T 7 T 1L 7
— =T T

Figure 1.2 An example for possible spin states of a transition metal complex.

In the present study, transition metal complexes are formed using manganese,
cobalt, nickel, copper, zinc, cadmium and mercury as metals; and bromine, iodine, p-
toluidine and m-toluidine which are electron donors as ligands. Bromine and iodine are
the halogens, whereas p-toluidine and the m-toluidine are the aniline derivatives.
Aniline and its derivatives have wide range of applications as potential starting
materials in some drugs, chemicals, dyes and antioxidants [10-13]. They are also used
as diodes and transistors in microelectronic and electro-optical devices [14-16], as well

as ligands in coordination chemistry [17-26].

1.2 BACKGROUND

Over 100 years ago, Werner described the structure and origin of complex
compounds concentrating on the transition metal complexes [27-29]. Since transition
metal complexes have an important role in coordination chemistry, his studies have
highly affected researches in various disciplines [29,30], and so a great number of
studies especially in the fields of biochemistry, analytical chemistry, magnetism, nano-

technology, and medicine have been conducted [31-38].

Besides, various studies have also been carried out on transition metal halide
complexes for decades. In 1965, Clark and Williams [39] recorded far-infrared spectra
of metal halide complexes of pyridine and some nitrogen donor ligands. In this study
they indicated that it is possible to predict the structure of complex, such as tetrahedral
or octahedral by determining metal-ligand and metal-halogen stretching vibrations. In
the same year Ahuja et al. [40], proposed the UV-Vis and far-infrared spectra of the



aniline complexes of transition metal (I1) chlorides, bromides, and iodides. Their
purpose was determining the environment around the metal atom in the complexes, and
so they reported nickel and manganese complexes have octahedral structure, whereas
cobalt complex has a tetrahedral environment. Allan et al. [41] and Brown et al. [42]
reported preparation and thermal decomposition of some metal (I1) halides in their
papers. Beech et al. [43], investigated stoichiometries and spectroscopic properties of
ML,X, (M: metal, L: ligand, and X: halogen) types transition metal complexes in 1970.
Two years later Coucouvanis et al. [44], prepared nickel (I1) and palladium (I1) halide
complexes and reported their structures and some other properties by recording X-ray,
ultraviolet, visible, and near-infrared spectra. In 1973, Brown and Richardson [45]
synthesized chromium (111) chloride and bromide complexes with pyridines and tried to
predict their structures by thermal decomposition and spectroscopic methods. In the
same year Karayannis [46] published a comprehensive review about metal complexes of
aromatic amines with a focus on coordination compounds of aromatic amine N-oxides.
Structural, thermal and spectroscopic studies of metal (1I) halide complexes of
morpholine-4-thiocarbonic acid anilide were reported by Venkappayya and Brown [47].
A few years later Engelter et al. studied infrared spectra of metal halide complexes of
aniline and its derivatives p-toluidine, o-toluidine and m-toluidine [19,20] providing
metal-ligand vibrations in a detail. In the later years, Ahrland et al. proposed
thermodynamics [48], equilibrium and enthalpy measurements [49] of metal halide and
pseudo-halide complexes. Akyiiz and Davies [18] performed vibrational spectral study
of MX,L3 types of transition metal halide complexes of aniline in 1982. Synthesis,
structural, thermal, magnetic and spectroscopic properties of cobalt, nickel and copper
complexes of m-toluidine which is an aniline derivative was reported by Allan and
Paton [17]. They found chloride complex of cobalt as tetrahedral geometry, and nickel
and copper complexes as octahedral. A similar study with a p-toluidine containing
ligand carried out for the cobalt (I1) chloride complex by Cseh et al.[50], giving the
same tetrahedral result for the cobalt geometry. Different from these, Henderson and
Evans provided electrospray mass spectrometric investigation of some transition metal
halide complexes in order to observe ionization processes [51]. Altun and Goélciik et al.
performed studies on synthesis, structures, thermal, and spectroscopic properties of
metal halide complexes of p-toluidine and m-toluidine [21-26]. In the same years
Yurdakul et al., synthesized metal halide complexes of isonicotinamide and provided

their X-ray powder diffraction patterns and infrared spectra [52]. Wu et al. [53],



prepared metal (I1) halide complexes of some ligands including pyridine, and they also
provided structures and photoluminescence properties of these complexes. In their study
they found different types of halides and coordination geometries of the metal atoms

have an important effect on the structure of the related complexes.

With the widespread use of computational chemistry tools, density functional
calculations started to support experimental studies of transition metal halide
complexes, and thus a large number of studies have been carried out within the past
several years. For example, Ozel et al.[54, 55], and Yurdakul et al.[56] employed
guantum chemical calculations of zinc (Il) halide complexes of different quinoline
derivatives using B3LYP density functional. Akalin and Akyiiz [57] also studied zinc
halide complexes with pyridine derivative ligands empoying B3LYP/6-311++G(d,p)
level of theory. Sabounchei et al. [58], studied mercury (I1) halides providing structural
and spectral characterization. B3LYP/LanL2MB method has been employed in their
theoretical calculations. Erdogdu et al.[59], performed theoretical and experimental
investigations on structures and vibrational spectra of bis(4-pyridyl)propane complexes
of zinc and mercury halides. They used B3LYP hybrid functional with LANL2DZ and
SDD basis sets for their calculations. Similarly Kesan et al. [60], studied metal halide
complexes of 1-phenylpiperazine both experimentally and theoretically using same
functional and basis set. In addition to experimental studies, B3LYP density functional
calculations on metal halide complexes of pyridine-containing ligands provided by
Gokge and Bahgeli [61] and Tyagi et al.[62] In common with previous studies Gokge
and Bahgeli prefered LANL2DZ basis set for the complexes, however Tyagi et al.,
employed 6-31+g(d,p) basis set for their complexes. Eryilirek et al.[63], performed
density functional calculations on palladium halide complexes with B3LYP level of
theory using mixed basis set, i.e. LANL2DZ for the metal atom, and 6-31++G(d,p) for
all other atoms. Ozbek et al. [64] prepared platinum complexes and Mansour [65],
prepared ruthenium, palladium, and platinum complexes and both performed
B3LYP/LANL2DZ level of calculations for the structural and spectral properties of
their complexes. In 2013 and 2014 we also provided experimental and density
functional studies on copper chloride complexes of m-toluidine and p-toluidine using
BVP86 and B3LYP functionals by applying 6-311G+(d,p) basis set [66,67].



In addition to these, several density functional studies have also been performed
in order to evaluate the performance of different functionals and basis sets employed in
transition metal systems. Furche and Perdew [68] carried out a comprehensive study for
some molecular properties of 3d transition metal systems, employing quadruple zeta
valance basis set with six different functionals. Riley and Merz also published a DFT
study on third row transition metal systems. They evaluated 6-31G** and TZVP basis
sets with different functionals for the ionization potentials, heats of formation and other
properties of their title complexes, and found the more accurate results with TZVP
level[69]. Williams and Wilson [3] performed a study on evaluation of the basis sets on
molecular geometries and dissociation energies of transition metal systems. Yang et al.
[70], investigated the performance of 6-31+G** + LANL2DZ mixed basis set with
GGA, hybrid-GGA, meta-GGA and hybrid-meta-GGA types of functionals on heats of
formation and ionization potentials of transition metal containing systems. The
assessment of forty four density functionals on enthalpies of formation for 3d transition
metal containing molecules carried out by Tekarli et al [71]. Density functional
calculations on spin-state energetics of iron complexes for different GGA and hybrid
functionals, employing def2-QZVPP basis set performed by Ye and Neese [72]. More
recently, Matczak [73] carried out B3LYP densitiy functional calculations on some
transition metal containing systems in order to evaluate the performance of various
basis sets, finding def2-TZVP prior to others for predicting geometries and harmonic

vibrational frequencies.

1.3 MOTIVATION AND OBJECTIVES

There has been developing interest in transition metals and their complexes
because of their significant roles in coordination chemistry, and their potential
applications as drugs, cosmetics [74,75], photosensitizers, photo-initiators of radical
reactions [76,77], photo-catalysts, organic solar cells [78], phosphorescent dyes,

molecular devices (molectronics), and also non-linear optical materials [79].

As the transition metals display different oxidation states, they may also interact
with the negatively charged molecules, and their complexes can be easily synthesized
and characterized [35]. These characteristics of transition metals are caused the



development of metal-based drugs for the treatment of several diseases such as cancer,
lymphomas, infection control, diabetes and neurological disorders, etc. [34, 36, 37]. In
recent years, especially cancer has become a major cause of death. Prevalence of the
cases and costs of the treatment of cancer necessitated the search for new drugs and
therapies. Cisplatin is one of those transition metal drugs containing platin as transition
metal and chlorine as halogen. Although cisplatin is a successful example in treatment
of various cancers, it also brings some side-effects concomitantly. Therefore, there is a
need to search for the new transition metal compounds that exhibit different

mechanisms of action and resistance profiles.

Vibrational spectroscopy is one of the most fundamental methods enables the
investigation of various types of compounds deeply. Mutually complementary infrared
and Raman spectroscopy techniques are powerful vibrational spectroscopic tools giving
significant information about the structure and dynamics of complexes. However, it is
not easy to interpret experimental spectrum results without computational tools.
Electronic structure calculations based on the Schrédinger equation engage in here and
give very good results in calculating spectroscopic constants and vibrational frequencies
providing determination of band assignments, and comparison of the peaks in the
experimental and theoretical spectra. Besides, molecular structures and geometries (e.g.
bond lengths and bond angles) which can be partially recorded with X-ray spectroscopy,
molecular energies in different spin states, charge and spin density analysis can be
performed accurately. Thus, with the use of computational methods, we can predict
various molecular properties of the compounds which are not possible to obtain with the
available experimental techniques or having high costs while acquiring them
experimentally. Since most scientific softwares provide visual animation for the
compounds, it is also possible to display optimized molecular structures, and animate
vibrational frequencies for each mode. By this means, existing experimental infrared

and Raman spectra results can be fully understood.

Additionally, determining the most appropriate functional and basis set for the
title transition metal complexes will be useful for researchers investigating similar types
of complexes without causing a loss of time. And our ultimate expectation is that the

results from this systematic work will be able to serve as a reference for future



theoretical studies on transition metal-based drugs or large systems such as

metalloproteins.

1.4 DISSERTATION OUTLINE

In this dissertation we perform a systematic density functional theory study
with a consistent functional and basis set for the transition metal complexes of
aniline derivatives extending the previous experimental works performed by Altun
and Golciik et al. [21-26]. Manganese, cobalt, nickel, copper, zinc, cadmium and
mercury are the transition metals of this study, and the bromine and iodide are the
halogens used in coordination to metal atoms, together with the aniline derivatives
p-toluidine and m-toluidine. To give an outline of this study, brief explanations of

the chapters are given below.

In chapter 2, theoretical background of the dissertation is provided by
focusing on DFT. Since DFT is based on quantum mechanics, we have introduced
some basic concepts of quantum mechanics starting from Schrdodinger equation.
Then Hartree-Fock approach is explained, because it has a conceptual importance as
a traditional wavefunction based method, and also understanding it would be helpful
in getting a solid grasp of DFT. Thomas-Fermi Model is given as original roots of
the DFT, and for the basis of the modern density functional theory, Hohenberg-Kohn
and Kohn-Sham approaches are proposed. Brief information on exchange correlation
functionals, basis sets and effective core potentials are also given. And finally,
general considerations such as geometry optimization and vibrational frequencies

(infrared and Raman spectroscopy) are provided at the end of this chapter.

In chapter 3, details of the DFT calculations are explained by introducing the

hardwares and the softwares used in this study.

In chapter 4, the results of computations on optimized geometries, charge and
spin distributions and harmonic vibrational frequencies of twenty transition metal
complexes are presented and explained in detail. Spin densities of the metal
complexes are provided with the Mulliken method, whereas charge distribution

analysis is performed by means of the Mulliken, NBO and APT methods. Although



there is large number of experimental and theoretical studies about transition metals
in the literature, there is no systematic theoretical study about our title complexes as
a whole. Experimental infrared and Raman spectra results of the complexes are
taken from previous studies [21-26] and compared with our theoretical results.
The vibrational band assignments are determined based on the computational results
expressed in terms of internal coordinates with percent potential energy
distributions. The detailed theoretical molecular structure and vibrational spectral
analyses are also utilized in obtaining the properties of the complexes that are not
accessible by experimental data, such as the structure around the metal atoms and

the effects of ligands to the coordination.

In the final chapter, the results are summarized emphasising on significant

points.



CHAPTER 2

THEORY

To understand the methods used in this study, and also to analyze the results of
calculations obtained via these methods, a comprehension of the theoretical basis is

needed. This chapter provides basic theory essential for this thesis.

2.1 INTRODUCTORY THEORY
2.1.1 The Schrodinger Equation

According to the fundamental postulates of quantum mechanics, the state of any
system is completely described by a wave function y. So the properties of any time-
independent quantum mechanical system can be understood by finding the wave

function by solving the Schrédinger equation [80],

I:|1/1 =Ey (2.1)

here, where H is the Hamiltonian operator, that shows the behavior of a system of

interacting N electrons and M nuclei in the following form:

. N 1 ) M 1 ) N,M Za N 1 M
H :—ZEVi —;NV&I—Z - +Z : ‘+Z

10
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Figure 2.1 The representation of the positions of electrons and nuclei.

where summations over i, j correspond to electrons, and summations over a,b correspond
to nuclei (see Fig. 2.1). In the equation, first two terms are the Kkinetic energy
contributions from the electrons and the nuclei respectively, and the others are the
Coulombic potential energy contributions, which represent the electron—nuclei
interaction, electron—electron repulsive interaction, and finally the nuclei—nuclei repulsive
interaction respectively. Since, solving the Schrodinger equation analytically even for the
H,", which consists of only three particles, is impossible with this complicated

Hamiltonian, doing simplifications via approximations is become indispensable.
2.1.2 The Born-Oppenheimer Approximation

The first simplification to the Hamiltonian operator, which plays a vital role in
electronic structure calculations, is done by Max Born and J. Robert Oppenheimer [81].
Their motivation behind this approximation is having the great difference in masses of
electrons and nuclei. Since nuclei are ~10° times heavier than electrons, they move
more slowly, that is, they can be considered to remain fixed from the point of view of

electrons. If we rewrite the Hamiltonian;
H=T, (N+T, (R)+V,, (F,R)+V,, (N +V,y (R) (2.3)

one can easily see that second term and last term are directly related with nuclei. Since

nuclei are accepted as stationary, kinetic energy of the nuclei can be neglected, and
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nuclei—nuclei repulsion can be treated as a constant. Hence, with the remaining terms

we get electronic Hamiltonian:

R __N 1 2_N,M Za N 1
He_ IZZVI i’Za f;—ﬁ +;‘__> _>‘ (2.4)

a

where H._ describes the motion of N electrons in a fixed environment of M atomic

nuclei. Schrodinger equation with the electronic Hamiltonian becomes:

Hoy, = Ew. (2.5)

where ¥e is the electronic wave function, explicitly depends on electrons positions,

and implicitly depends on nuclei positions, as electronic energy,

l//e = WE(F ’ ﬁa) Ee = Ee(ﬁa) (26)

So the total energy can be written as the sum of electronic energy and constant
nuclear repulsion. In the same way, the solution to the Schrodinger equation including

the nuclear Hamiltonian is,

H.v, =Ey, 2.7)

where , is the nuclear wave function depends on the nuclear coordinates, and

describes the vibration, rotation and translation of a molecule. On the other hand, E

involves electronic, vibrational, rotational and translational energy.

However, the key problem in understanding the structure of matter is solving the
Schrédinger equation for a system of interacting N electrons in an external field, so we
focus on electronic structure problem instead of vibrational, rotational or translation
problem. That is, from now on, H refers to electronic Hamiltonian operator unless
stated otherwise. Nevertheless, solving the Schrodinger equation with only electronic
Hamiltonian is still a difficult task for the systems containing many electrons. For this

reason, further approximations have been needed for many-body systems.
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2.1.3 Variational Principle

The variational principle, which is one of the main algorithms used by computers
for the approximate solution of the Schrodinger equation, states that the energy

calculated with a trial wave function ' will be an upper bound to the ground state

energy [82].

(w'[H]w")

Eo < E[y'] where E[y']= Wl

(2.8)

So, if we minimize the E[y'] with respect to all acceptable N-electron wave

functions, we can reach the true ground state energy E, with true ground state v, .

E, =min,_ E[y T=min,_ (5'|T +Vye +V, |v") (2.9)
where Hamilton operator H explicitly depends on the number of electrons N and Vext,
because of the kinetic energy and electron-electron repulsion are also determined by N.
So it can be concluded that ground state energy is a functional of the number of

electrons N and the nuclear potential Vext.

E,=E[N, V] (2.10)

2.2 THE HARTREE-FOCK APPROXIMATION

After Born-Oppenheimer approximation, many theories including Hartree-Fock
were developed in order to solve the electronic Schrodinger equation. Hartree-Fock
approximation [83, 84] has a great conceptual importance within the history of quantum
chemistry, because of providing a useful starting point to the solution of many-particle

system and introducing the concept of self-consistent field.

The first approximation states that the total electronic wave function of many
electron systems can be written as a simple product of one-electron wave functions, which

is known as a Hartree Product:
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Wip= (X, %,..%Xy) :;(i(il)Zj(Xz)"'Zk()_()N) (2.11)

However, in quantum mechanics we know that electrons are all indistinquishable,
but in Hartree product electron 1 occupies y;, electron 2 occupies y; on the contrary to
the antisymmetry principle. So Hartree product does not satisfy the antisymmetry
principle, and we need to obtain antisymmetrized wave functions. For this reason,

firstly, consider two-electron system occupying the spin orbitals y;and y;,
Vie= (X, X)) = 1(X) (%) (212)
If we interchange the coordinates of electrons, we obtain
Wie= (X0, X)) = (%) 1 (%) (213)

and we can also obtain a wave function which takes account of the indistinguishability

of electrons and satisfies the antisymmetry principle by writing:

w (i %) :%[zi (%), (%)~ 7,(%) 7,(%) ] (2.14)

This wave function can be written as a determinant

oo (a®) )
75 7,(%) (2.15)

and if we generalize it to N electrons, we obtain a determinant of spin orbitals, which is

called a Slater determinant [85].

1 (%) . x(X)
PR L &) o

here, (N1)*? is a normalization factor; rows represent electrons whereas columns

represent spin orbitals.
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After determining wave function having the form of a Slater determinant, let’s
return to the Hamiltonian. In order to obtain a simpler system, one-electron operator /

will be defined as:

A 1 Z
hi)=—ZVi-> =2 2.17)
2 a lia
and a two electron operator
npe 1
v(i, j)=— (2.18)
b
Then full electronic Hamiltonian can be written as
H =>"h@i)+ > v, j) +Vy (2.19)

i<j

In that way, complicated many electron problem is replaced with one-electron
problem with average electron-electron repulsion. If we remember the variational
principle, which states energy calculated with a trial wave function, will be an upper

bound to the true energy:

Eve = Wi Hyuedr = (Wi [H Wi ) (2.20)
which equals to

Ev =<i|ﬁ|i>+%zj;[ii|jj]—[ij|ji] (2.21)
where

(iR} = [ 27 (%) A (%) 2:(%,) o% (2.2

and

- _ . *x 4, _ 1 *x 4, _
|:|J |k|:| = J‘dX1J'dX2}(i (X1)ZJ (X1)r_7(k (%) 1 (X,) (2.23)
12
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Now, we need to minimize the Hartree-Fock energy with respect to yi-= i +0 xi
in order to obtain the possible minimum energy by using Lagrange’s method of

undetermined multipliers [86];
L[{x}]=Eue [{;(i}]—izj‘,eu (il i) s, (2.24)
where
(i13)=[ 2 (%) z;(%) d%, (2.25)
So, by making first variation:
oL =06E; [{zi}]—izjlgij5<i\i>=0 (2.26)

where

5(i|§) = (| x;)+(x|ox;) 2.27)

Then, change in the Hartree-Fock part is

SEpe =;(5i|ﬁ|i)+(i|ﬁ|5i)+%;[5ii|jj]+[i5i|jj]+[ii|5jj]+[ii|j5j]
I ij
(2.28)

—%%[6ij|ji]+[i5]|ji]+[ij |6 Ji |+[ij|jsi ]
Putting equations 2.27 and 2.28 in equation 2.26 we obtain,
5L:;(&\ﬁ\i)+(i\ﬁ\&i)+%[5ii\jj]+[i5i\jj]—%[5ij\ji]+[i5j\ji]
-Xa (@) ilo)=0 -
In equation 2.29, second terms are complex conjugates of the first terms. So,

5L:Z(&i‘ﬁ‘i>+2[5ii‘jj]—[§ij‘ji}—zgij <5i‘ j>+CompIex Conjugate =0 (2.30)
i 1] 1]
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Rewriting these terms by remembering equation 2.23,

oL=3 [ dx,s7; ()| A% (X1)+Zz. (%) [ d%, IJ(X 2, (%)
(2.31)
_ZJ(Xi)IdX Z,(Xz)ﬂ(.(x) Zsuz,(xl)}rcc 0

We finally obtain Hartree-Fock equations with orbitals,

j=i J#

:Z‘E‘ij){j(xl)

ﬁ(xl)zi(wz{jdxz\z,- (%) }c.(xi) Z{dezzj )zi@)zj(xl)ﬂx,-(m oo

where ¢ is the energy eigenvalue.

In this equation first term in square brackets is the Coulomb interaction (J),
whereas second term is the exchange term (K) coming from antisymmetry principle.

Rewriting with new Coulomb and exchange operators, Hartree-Fock equations become:

h(x)+Y3,(%)-D K, (%) |7 (% ZE.JZ,(Xl (2.33)

j;ﬁl j¢|

Since they are eigenvalue equations, we know that, if j=i, they would be in the

same orbital. So we can define a new operator F , which is called the Fock operator:
F(%)=h(x)+23,(%) K, (%) (2.34)
Hence, Hartree-Fock equations eventually become:
F(%) 1(%) =& 2(%) (2.35)

Thus, Fock operator (F ) is defined in terms of Coulomb (J ) and exchange (K)

operators, and they are defined in terms of orbital ys. That is, in order to make F , We
need ys. So, the starting point is guessing some ys, and this is why it is also called as
Self-consistent field (SCF) method.
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2.3 DENSITY FUNCTIONAL THEORY

Since the wave function y describes all properties of a system, the methods

described above are proposed to solve the electronic Schrodinger equation in order to
obtain that wave function. Among these methods, especially Hartree—Fock method is
widely used today in quantum chemistry. However its neglecting electron correlation
effects and having computational difficulties in many-electron systems lead to search for
an alternative method, such as density functional theory [8, 87]. The basic idea of DFT is
replacing that complicated many-electron wave function (which depends on 4N variables

including the spin variable), with a simpler quantity, the electron density po(r) (which

depends on only 3 spatial coordinates) [82, 88, 89]. What underlies behind the reputation
of DFT is, it includes electron correlation effects, and its computational effort is
significantly low than Hartree—Fock methods. Besides, in transition metal systems the
results of DFT are more accurate than traditional methods when compared with

experimental data [6,8].
2.3.1 Thomas-Fermi Model

Historically, first attempts to use the electron density for the energy, are based on
the early works of Thomas and Fermi [90, 91]. They considered the distribution of
electrons in an atom statistically as uniform gas, which is composed of non-interacting
electrons. In their model, they derived kinetic energy in a very simple way, based on the

uniform electron gas and in terms of electron density:
3
T| p(M)]=—@7")"*| p™*(F) dF 2.36
[P()]=15@7)" [ P (F) (236)

Although they treated electron-electron and nuclear-electron interactions in a
classical way, they expressed total energy completely in terms of the electron

density p(r).

E[p(r)]:%(3n2)2’3jp5’3(r) dr-zj@ df+%ﬂM di dr,  (2.37)

12

Since this equation neglects exchange and correlation effects, its accuracy for atoms is not

high. But, having the original idea for DFT makes Thomas-Fermi model important [92].
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2.3.2 The Hohenberg-Kohn Theorems

Introduction to the Hohenberg and Kohn (HK) theorems in 1964 [93] provides a
basis for the modern density functional theory. The two basic concepts of their paper are
introducing electron density as basic variable and employing variational principle in

order to find ground state density.

For the first part, we know that for an arbitrary number of electrons, external

potential o(r)fixes the Hamiltonian, so full many-particle ground state is determined
by the number of electrons (N) and o(F). And the electron density is employed in the

first Hohenberg-Kohn theorem as follows:

Theorem 1: External potential v(r) is a unique functional of p(r); apart from a

trivial additive constant.

which means ground state electron density p(F) determines the number of electrons,
(Ip(f) dF:N),ground state wave function, Hamiltonian and all other electronic

properties of a system. In order to prove this theorem, assume we have same system

having another external potential, v'(r), (which differs from o(r) by more than a

constant) with a ground state wave function w', giving the same ground state

density p(r') . Keeping in mind that, E,and E(') are the ground state energies for the

HandH';
B < (w[H |y ) =(w' [y )+ H-Ry)
. o o (2.38)
= Eo+jp(r)[u(r)—u (F)] dr
Interchanging primed quantities with the unprimed ones, we obtain,
E,< (w|H'jw)=(w|H|w)-(w|H-A |y
< (IR} = IR ly) =Gy A=A ) .

=E, | p(F)[o(7)~0'(7)] dF

Adding equations 2.38 and 2.39, we come up with an inconsistent result,
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E,+E, < E,+E, (2.40)

which leads us there cannot be any other external potential giving the same ground state

density p(r), in other words, ground state density uniquely determines external

potential with all other properties such as energy of the system.
E[p(N]=T[p(")]+V.. [p(")]+Vae[(1)] = F[p(N)]+ [ p(F) Vi, dF  (2.41)
where, F[p(f)] is the Hohenberg-Kohn functional which is a universal functional,

completely independent from the system.

In the second Hohenberg-Kohn theorem electron density obeys variational

principle, which is stated as:

Theorem 2: Any trial electron density function p'(r) satisWinng'(F) dr =N will

give an energy higher or equal to the true ground state energy.
E[p'(F)] = E[ p(7)] (2.42)

where E [p(F)] is the energy functional of the ground state electron density.

From the first Hohenberg-Kohn theorem we know that ground state electron

density determines its own external potential (), wave function y, and hence its own

Hamiltonian A. So, it can be said that, trial electron density function p'(F) determines

its own properties as well, such asv'(F), ' andH .
(w[Aly)=[p'®) v() dr +F[ p'(M]=E[p'(")] = E[p()]  (243)

In brief, electron density determines all properties of a system and the energy of
this system achieves its minimum value if and only if the electron density is the true

ground state density.
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2.3.3 The Kohn-Sham Approach

Although Hohenberg-Kohn theorem tells the ground state energy is a functional

of ground state density p(r), we still do not know how to construct unknown universal

functional F [p(r)] in order to obtain energy functional E[p(r)].

E[ p(N)]=F[ p(M)]+ j p(F) V,, dF (2.44)

One year after the proposal of Hohenberg-Kohn theorems, in 1965 Kohn and
Sham [94] provided applicability for modern DFT by publishing a paper, in which how

to approach to F[p(f)] is presented. From the previous section we remember that

F[p(F)] contains Kinetic energy and electron-electron interactions. If we write this

explicitly,
FLp(M)]=T.[o()]+3[p(O)]+Eyc [ p(P)] (2.45)

where the r.hs. of the equation are, respectively, the kinetic energy of the non-
interacting system, classical Coulomb interaction, and exchange-correlation energy,
which is the sum of the correction to the kinetic energy (because of interacting

electrons) and the correction to the nonclassical electron-electron interactions.

In order to compute the kinetic energy to a good accuracy, Kohn and Sham
considered a fictitious non-interacting reference system of electrons (having the same
density with the real physical system) and introduced orbital expression for the density.

So the Eq. (2.45) can be rewritten as:

L0120 - Vi) Sy P )+ Ee[o0] 9

where N is the number of electrons and the electron density is,

N

P = Z Xi |)(. (2.47)
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Since the reference system is composed of non-interacting electrons, its ground
state wave function can be represented by a single Slater determinant as in the Hartree-

Fock approach.

1 (%) o (X)

Ws =——| g : (2.48)
VNI N =
Zi(XN) Zk(XN)

Exact electron density can be calculated by finding orbitals y;’s that minimize the
energy functional. These orbitals are determined analogously to the HF theory, and in
order not to cause confusion with HF orbitals they are named as Kohn-Sham orbitals or
shortly KS orbitals.

hiKsZi =& X (2.49)
where the one-electron Kohn-Sham operator is defined as

ks _ Lloo Z p(r) .
WS =— 2V Z\ﬁ—ﬁ\+f\ﬁ—f'ldr+vxc (2.50)

2

and exchange-correlation potential V. is given by the functional derivative,

OE,¢

Ve = 5p

(2.51)

In order to compute KS orbitals, we need to know density, but at the same time
density is determined using the orbitals according to the Eq. (2.47). Thus, in a similar
manner with HF theory, an iterative SCF procedure must be followed to solve the
problem. This can be achieved by first guessing a starting density using the orbitals. By
this way, KS orbitals, and also the Hamiltonian can be constructed. Solving the equation
will give new density and this will be used for the next step. At the end, resulting
densities will converge, and become self-consistent with the output density that in turn

will be used to calculate the energy.
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Despite having obvious common features between HF and Kohn-Sham
approaches, while KS-DFT in principle exact, HF gives an approximate wave function.
That is, if the exchange-correlation functional in KS approach was known, we could
calculate the exact energy. However, since the HF approach does not take into account
the electron correlation effects, it will remain as an approximation [95]. So, the only
problem in KS-DFT is the unknown exchange-correlation energy functional. Many
approximations for this functional have been proposed, some of them will be mentioned
in the next section [82, 88, 96, 97].

2.3.4 Exchange Correlation Energy Functionals

As mentioned in the previous section, the fourth term of Eq. (2.50) is the

functional derivative of exchange-correlation energy functional with respect to electron

density. If E . [p(F)] is known, then V. () can be obtained, but the explicit form of

the exchange-correlation energy is unavailable. Although, numerous approximations for

Ec [p(F)]have been developed, devising more accurate functionals is still the main

problem in DFT [8]. A wide variety of papers have been published merely on
developing, improving, testing and comparing the performance of functionals. This is
because, the accuracy of the calculations is strongly correlated with the quality of the
functionals and the choice of the functional also creates differences between various
methods of DFT [89, 98]. In this part, we provide a brief overview for the most

common functionals.
2.3.4.1 Local Density Approximation

The Local Density Approximation (LDA) is the simplest approximation for the
exchange-correlation energy functional, as suggested by Kohn and Sham [94] is based
on the uniform (homogeneous) electron gas. In the LDA approach energy only depends

on the density at a particular point, and is given by
Ext [ p(N)]= [ p(F) &, [ p(F)]dF (2.52)

where the &y is the exchange-correlation energy per electron in a uniform electron

gas having electron density p(r). The advantage of the LDA approach is that the
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exchange-correlation functional can be accurately derived using the Xo model of Slater
[99] in which, comparatively small correlation part of the exchange-correlation

functional is ignored.

Ex p(M)]=E [ p(F)]= —%(Ej o p(7)** dr (2.53)

T

where o is an empirical value. Although Kohn and Sham uses o as 2/3 and Slater as 1,
values between 1 and 2/3 such as 3/4 give more reasonable results for atoms and

molecules [82].
2.3.4.2 Local Spin Density Approximation

The local spin density approximation (LSDA) is an extension of LDA for the

systems having one or more unpaired electrons i.e. for the open-shell systems.
Introducing  p(F)*  (spin-up) and  p(F)”  (spin-down), densities such

that p(F) = p(F)*+p(F)”, the energy is given by:
E o), p(r) )= [| ) +0(0)" Jerc | p()", p(F)" ] dF (2.54)

As in the LDA, exchange-correlation functional can also be accurately calculated
in LSDA and for the systems in which all electrons are paired (i.e. for the closed
systems) LSDA will yield same result with LDA [95].

2.3.4.3 Generalized Gradient Approximation

In a real molecular system, the electron density is not uniform on the contrary to
LDA approach. This limitation for LDA leads to the development of generalized
gradient approximation (GGA), which takes into account the inhomogeneous nature of
the electron density. So, GGA does not only depend on electron density, but also on its

gradient, since the density is changing locally.
Es [ p(P)] = [ p(F) &xc (p(7). V(T)) dF (2.55)

Despite the fact that GGA functionals generally give better results than LDA
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especially for the structural parameters, both of them are not successful for the systems
having strongly correlated electrons such as transition metal oxides [100]. Functionals
proposed by Perdew, Burke and Enzerhof (PBE) [101,102] and Becke and Perdew
(BP86) [103,104] can be given as examples for widely used GGAs.

More recently, meta-GGA functionals have been developed to reach the chemical
accuracy by employing higher derivatives of the density. The exchange functional of
Tao, Perdew, Staroverov, and Scuseria (TPSS) [105] is a popular meta-GGA functional
showing good performance on properties such as, thermochemistry, kinetics and

noncovalent interactions [106].
2.3.4.4 Hybrid Functionals

Introduction of hybrid functionals is an important breakthrough in the
improvement of DFT. Since the previously proposed DFT functionals have self-
interaction problem, these new functionals are designed by adding exact Hartree—Fock
exchange to the conventional DFT exchange-correlation functionals. The most common
hybrid DFT functional is the B3LYP, which is based on Becke’s three-parameter
exchange energy functional and Lee, Yang and Parr’s correlation energy functional

[107-109]. Its energy functional expression is defined by
ESL® — (1- A)ES™ + AESF + BAES + (1-C)EL™ + CEL™ (2.56)

where the constants A,B, and C are the empirical parameters, added to the equation in
order to improve the accuracy of the functional [96]. B3LYP has proven the most
preferred so far because of giving satisfactory results for predicting ground state
properties of numerous chemical systems, such as organic compounds or transition metal

containing systems [6, 110].

2.4 BASIS SETS

Choosing a basis set in electronic structure calculations highly important since it
is directly related with the accuracy of the results and computational cost. So, what is a

basis set? A basis set, is a set of mathematical functions representing the molecular



26

orbitals at particular points in space. Two common functions used to describe the
orbitals are the Slater Type Orbitals (STO) and the Gaussian Type Orbitals (GTO).
Slater type orbitals have the following general form (former in spherical polar

coordinates and the latter in Cartesian coordinates),

Xnim = NYI ,m (9’ (D)rml exp(—Qr)

2,1, = Nx"y" 2% exp(=Cr) (257)
where n is the principal, and | and m are the angular momentum quantum numbers, N
corresponds to normalization constant, and {(zeta) is the orbital exponent. Although linear
combinations of these functions will behave correctly, since the exponential is dependent
on r, calculations of the integrals would be computationally difficult and this limits the
use of STOs. STOs are generally preferred for atomic and diatomic systems when

accurate description is needed, or in some DFT methods without exact exchange [89].

Gaussian type orbitals for Cartesian coordinates can be expressed as,

Loy ly 5l, 2
X1, = NXTy? 22 exp(=Cr) (2.58)
where N is a normalization constant, and L= I, + I, + |, determines the type of the
orbital. For instance, if L is O, it is s orbital, or if L is 1, it is p orbital, etc. As seen from
the Eq. 2.58, a typical GTO is described by exponential r?, which means simply
computable functions, and makes it common choice for the quantum chemists because

of being computationally efficient.

On the other hand, most of the basis functions are designed to emphasize on core
orbitals, which make big contributions to the total the energy of an atom [111], whereas
they show very tiny changes in chemical situations, e.g. chemical bonding. Hence, high
computational costs on ignoring the chemically important circumstances bring about the
construction of contracted basis sets. A linear combination of n Gaussian orbitals, which
are also named as primitive GTOs (PGTO) are formed in order to make contracted GTO
(CGTO) functions.

(CGTO) = C;%,(PGTO) (2.59)
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Primitive GTOs should provide an accurate representation of the atoms and their
numbers used in the construction of CGTOs affect the computational cost significantly.
Predictably, contracted basis sets are computationally efficient, but at the same time
calculated energy with these basis sets would be higher. So, the problem is constructing

such a basis set with significant accuracy and low computational cost.

2.4.1 Types of Basis Sets

There are plenty of basis sets available in the quantum chemistry literature for the
electronic structure calculations. In order to choose appropriate basis set for our specific
calculation, we should also know pros and cons of the other basis sets. A brief

description of some common basis sets is given below.
2.4.1.1 Minimal Basis Sets

Minimal basis sets are the simplest basis sets in which the smallest number of
functions are employed. For example, a minimal basis set for the H [1s'] atom would
contain a single s function whereas it would contain two s functions and a single p

function (with its three components) for the Ne [1s? 25 2p°] atom.

2.4.1.2 Zeta Basis Sets

Doubling the number of basis functions will lead to us zeta basis sets. The name
zeta comes from the exponent of STO/GTO functions, which we have mentioned in
equations 2.57 and 2.58. So, for the H atom we would have two s functions, and for the
Ne atom we would have four s functions and two p functions in a double zeta (DZ)
basis set. It is also possible to have multiple zeta sets, by tripling or quadrupling of all

basis functions.
2.4.1.3 Split-Valance Basis Sets

Since the chemical bonding occurs between valance electrons, a small
modification can be made over the basis functions related to these valance orbitals in an
atom. This slight improvement in zeta basis sets will take us a step further, to the splint-
valance basis sets. Although DZ or TZ can still be used for split-valence basis sets, they
are generally referred as double zeta valance (DZV) or triple zeta valance (TZV) basis

sets.
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2.4.1.4 Pople Basis Sets

Pople basis sets are one of the most popular contracted basis sets, developed by
the Nobel Laureate John Pople and coworkers [112-119]. STO-nG and k-nImG type

basis sets are the typical examples for Pople basis sets.

In STO-nG types basis sets n corresponds to the number of Gaussian primitive
functions (PGTOs), which are fitted to a STO. STO-3G, STO-4G and STO-6G are the

widely used of this type basis sets.

In k-nImG style basis set, which is also a split-valance basis set, k corresponds to
the number of PGTOs describing the core orbitals, whereas the nlm show the number of
PGTOs for representing valance orbitals. If the basis set contains only nl, it means a
split-valance, and if it contains three of the nlm it means a triple split-valance basis set.
To set an example for the split-valance basis set, in 3-21G, three PGTOs are used to
describe the core electrons, and two PGTOs are used for the inner, and one PGTO is
used for the description of the outer part of the valance orbitals. And 6-311G is an
example for the three split-valance type basis sets, in which six PGTOs are used for
representing the core electrons, and valance orbitals are a contraction of three, one and
one PGTOs.

The quality of these mentioned basis sets can be improved by adding diffuse or
polarization functions. Diffuse functions are generally added to obtain a better
description for the anion geometries and denoted by one plus sign (+) or two plus signs
(++). One plus sign means s and p diffuse functions are added to heavy atoms, and two
plus signs mean s diffuse function is also added to the light atom, hydrogen. On the
other hand, polarization functions are added in order to provide more flexibility and
obtained by adding additional higher angular momentum functions, that is d or higher
functions. These functions are commonly denoted by an asterisk * or (d), and two
asterisks ** or (d,p). Former refers to single d polarization function is added to heavy
atoms, whereas latter refers to d function is added to heavy atoms, and p function is
added to hydrogen. For example 6-311G+(d,p) is a three split-valance basis set
including s and p diffuse functions on heavy atoms, and one d function on heavy atoms,

and one p function on hydrogen.
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2.4.1.5 Dunning’s Correlation-Consistent Basis Sets

The correlation consistent (cc) basis sets are designed by Dunning and coworkers
[120] in order to recover the correlation energy of the valance orbitals. The cc basis sets
are optimized using CISD (configuration interaction with all single and double
substitutions) wavefunctions. There are various sizes of cc basis sets, generally having
the name as cc-pVnZ, meaning Dunning’s correlation-consistent polarized valence n

zeta basis set, where n corresponds to double, triple, quadruple, etc.

If diffuse functions (including small exponents) are added to these energy
optimized cc basis sets, “aug” prefixes to cc-PVXZ, and so the basis set will be denoted
by aug-cc-PVnZ. If the additional tight functions (with large exponents) are added to
the cc basis sets in order to enhance core-valance and core-core correlation, the new
basis set will be in the cc-pCVnZ form [89].

2.4.1.6 Ahlrichs Def2 Basis Set Family

Ahlrichs and coworkers [121, 122] proposed double, triple and quadruple zeta
quality basis sets for the elements Li to Kr, and more recently Weigend and coworkers
[123] extended these basis sets to the lanthanides. The abbreviation def2 is used in order
not to cause confusion, since previously in the TURBOMOLE program default basis
sets were named as “def-bases” [124]. The def2 family basis sets are composed of
contracted GTOs, and polarization functions, P and PP can also be added to these new
basis sets as a suffix, e.g. def2-TZVPP. It should not be forgotten that, P is designed for
HF and DFT calculations, and PP is designed for post-HF calculations [125]. Although
in the def2 basis set family the quality of the basis sets is improved with the increasing
sizes of basis sets (as in the most of the basis set types), each of these new basis sets are
developed to give similar accuracy for the elements in the periodic table [124]. The
def2-SV(P), def2-TZVP, and def2-QZVP are the widely used and strongly

recommended basis sets of this family.

2.4.2 Effective Core Potentials (Pseudopotentials)

As it is well known, lower parts of the periodic table contain heavy elements having
large number of core electrons, which require a great number of basis functions to

describe the corresponding orbitals. However, as it mentioned before chemically or



30

physically important properties are generally occurred in the valance orbitals, rather than
core orbitals. As well as spending much of the computational effort to the less important
part, the relativistic effects because of the interaction of the core electrons with the
nucleus arise problems. In 1935, Hellmann solved these two problems by introducing the
effective core potentials (ECPs) or pseuodopotentials [96]. He suggested that core
electrons would be replaced with analytical functions (pseuodopotentials), which would
lead more accurate and efficient description of orbitals. In order to construct these
pseudopotentials, firstly valance orbitals should be described with a set of pseudo orbitals,
then the core electrons should be replaced by a potential, which is composed of
appropriate analytical functions. And finally constituents of this potential should be fitted

such that the solutions are compatible with the all-electron wavefunction [89].

2.5 GENERAL CONSIDERATIONS

2.5.1 Geometry Optimization

In the geometry optimization process of DFT calculations, the main purpose is to
find the equilibrium structures. In this regard, potential energy surfaces (PES) are
important, because they are mathematical functions giving the potential energies of the
molecules as a function of their geometries [95]. The potential energy of a molecule
depends on the 3N-6 internal coordinates, which means it doesn’t depend on the

translation or rotation of a molecule.

All optimization algorithms (used in computational chemistry packages) try to
find the stationary points on the potential energy surface. Minima and the saddle points
are among the stationary points and these points can be found at places on the surface,
where the gradients with respect to all internal coordinates are zero. However our
purpose is to obtain lowest minimum, which is also named as global minimum,

demonstrated in Fig. 2.2.
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Figure 2.2 Geometry optimization, taken from the Ref. [126].

The global minimum or lowest minimum corresponds to the most stable geometry
of the investigated molecule, whereas local minimum corresponds to the lowest point in
some part of the potential energy surface. In the geometry optimizations we may also
find saddle points, since the geometry optimizations tend to find the stationary points
that are close to the initial geometries. At saddle points, gradient, i.e. first derivative of
the energy is also zero, but different from the minima points second derivative gives
negative eigenvalues. By means of the vibrational frequency calculations, minima or
saddle points can be distinguishable. Obtaining non-negative frequencies indicates the
minima points, whereas negative (imaginary) frequencies verify the saddle points. The
number of imaginary frequencies is also important on the analysis of stationary points;
finding one imaginary frequency corresponds to the transition state, and if the number

of imaginary frequencies greater than 1, it means higher order saddle points.
2.5.2 Vibrational Frequency

As mentioned above, vibrational frequency calculations are also used to
characterize the stationary points as minima or saddle points, and also to predict the
infrared (IR) and Raman spectra of the molecules. The IR and Raman spectroscopy
methods generally give information about the vibrational modes of substances and these
substances can also be identified by their IR and Raman spectra. In this part, some basic

information about IR and Raman spectroscopies will be provided.
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2.5.2.1 Infrared Spectroscopy

Infrared (IR) spectroscopy deals with the interaction of energy with a molecule or
more specifically, it is the absorption of IR radiation by matter. The IR spectroscopy
yields information about the chemical constituents of the compounds and also their
molecular structures. Organic, organometallic and polyatomic inorganic molecules can
be investigated with this method [127].

In order for a molecule to absorb IR radiation there must be an overall change of
the electric dipole moment during that particular vibration. The IR intensity depends on
the magnitude of the dipole moment, and if there is no change in dipole moment during

the vibration, these modes are called infrared-inactive.

On the electromagnetic spectrum IR region is between ~12800-10 cm™

wavenumber range and this region is also divided to three sub-regions [128]:

Near-infrared region: Mostly, overtones and harmonic vibrations are examined in

this region. It is considered to lie between 12800-4000 cm™.

Mid-infrared region: It is in the 4000-200 cm™ range. This is most widely used
region in molecular spectroscopic studies. Fundamental vibrational modes of the

molecules are generally found in this region.

Far-infrared region: Extends from 200 cm™ to 10 cm™. It has low energy,
generally vibrations of heavy atoms and lattice vibrations are investigated in this region.
Since it is adjacent to the microwave region, it may also be used for rotational

spectroscopy.
2.5.2.2 Raman Spectroscopy

As in the IR Spectroscopy, Raman spectroscopy also provides structural
information about molecules, and can be used for the purity analysis of the compounds.
However the working mechanism of the Raman method is totally different from the IR,
because it is based on the collision of a monochromatic light with a molecule. Since the
collision is inelastic, after the collision the scattered light has a different energy than the

incident light upon interaction with the molecule [129]. Raman spectroscopy technique
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measures this shift in energy, which corresponds to the energy of the vibrational
transitions of molecules. Gaseous, liquid and solid samples can be analyzed with this

method.

As distinct from the physical principles of IR spectroscopy, in order in a molecule
to Raman scattering occur there must be change in the polarizability of the molecule
during the vibration. This is because Raman arises from the interaction of the
polarizability with the normal modes of vibrations. And there is also a relationship

between the polarizability of the atoms and their Raman intensities.
2.5.2.3 The Mutual Exclusion Principle

IR and Raman spectroscopy are complementary methods, since one IR inactive
mode may be Raman active or vice-versa. This difference in two methods stems from the
different symmetry properties of the polarizability and dipole moment operators. The
mutual exclusion principle states that the no vibrational mode may be active in both IR

and Raman spectra, in molecules with a center of symmetry [130].

However, in the molecules with different symmetries, some modes may be both IR
and Raman active or inactive, separately IR or Raman active. In the complex molecules,
modes are generally both IR and Raman active, sometimes with strong or weak bands

depending on the polarizability or the dipole moment of the molecules [131].
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COMPUTATIONS

3.1 HARDWARES AND SOFTWARES

All calculations were carried out on Linux server cluster (Clustered 13 HP DL
Proliant Servers), which includes high performance computing supercomputer. Our
supercomputer is designed to perform parallel computations up to 104 CPUs and 200
GB RAM. Gaussian software package (V. 03) [132] was used to perform quantum
chemical calculations, and the geometries and the normal modes of the complexes were
visualized by Gaussview [133]. Gabedit [134] was used to simulate vibrational spectra
by pure Lorentzian band shapes with a bandwidth (FWHH) of 10 cm™ by using the
scaled computational frequency of each mode and the corresponding calculated IR and
Raman intensities. And finally VEDA [135] program was used to analyze potential

energy distributions of the vibrational modes.
3.1.1 Gaussian Program

The Gaussian program is based on the fundamental laws of quantum mechanics
that is widely used by computational chemists, physicists, biophysicists, and other
scientists having various fields. It can predict the energies, molecular geometries,
vibrational frequencies and other properties of isolated molecules and reactions in
different chemical environments. It includes HF, post HF, and TD-DFT methods as well
as DFT. A wide variety of basis sets and effective core potentials can be used with these
methods. Gaussview is its very practical and user-friendly graphical interface, which
could build and display molecular structures, animate computation results, such as

animation of normal modes and monitor and control all Gaussian calculations.

34
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3.1.2 Gabedit

Gabedit is a freeware graphical interface that can be adapted to computational
chemistry software packages, e.g. Gaussian. Related molecular properties can be
processed directly from the output file of the computational chemistry softwares. With
Gabedit, it is possible to display UV-visible, infrared, and Raman-computed spectra after

a convolution, and it is also possible to display, analyze and animate molecules [134].

3.1.3 VEDA

Vibrational energy distribution analysis (VEDA) program is developed to
calculate potential energy distribution (PED) contributions for molecules including up
to 240 atoms. VEDA reads the Gaussian program output data directly, and to find the
PED contributions it proposes an introductory set of local coordinates. The percentage
PED results obtained by VEDA and the normal modes animation displayed by

Gaussview generally complement each other [136].

3.2 CALCULATION DETAILS

Density Functional Theory and B3LYP [107-109] functional have been shown
satisfactory for predicting ground-state properties of both organic compounds and
transition metal complexes [30, 110, 137-140]. Besides, B3LYP has been proven [73] to
give accurate bond lengths and vibrational frequencies with triple-C quality def2-TZVP
basis set [124]. Therefore, calculations were performed in the gas phase at the
B3LYP/def2-TZVP level, and in the calculations of cadmium, mercury and iodine
including complexes, effective core potentials (ECP) were also used within this basis
set. Def2-TZVP was downloaded from EMSL Basis Set Library [141] and used with
GEN keyword in Gaussian 03 program package.

3.2.1 Geometry Optimization

Optimized geometries in the gas phase were obtained for the various possible spin
states at DFT/B3LYP level of theory using the def2-TZVP basis set for all the atoms.
Since Zn(1l), Cd(l1), and Hg(ll) complexes have closed shell configurations (i.e. all
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electrons are paired in spatial orbitals), they have no spin states, so in calculations their
multiplicities were determined as 1. In order to determine ground state energies in the
open shell complexes, the doublet, quartet and sextet spin state calculations were carried
out for Mn(I1), Co(ll), and Cu(ll) complexes, whereas the singlet, triplet, and quintet
spin state calculations were performed for the Ni(Il) complexes. Ground state energies
of the tetracoordinate, pentacoordinate and hexacoordinate form of complexes were
determined by considering all possible conformations around the metal ions and the
spin states. Since, handling with open-shell complexes is computationally compelling
than closed shell complexes, in the spin states except spin ground states, we have
generally encountered SCF convergence problems, and re-optimized the complexes by
using the checkpoint files of the ground state spin state with the “guess=read” keyword.
In some cases the problem continued so we set the SCF convergence criterion to 10°°,
which gives the same result with the default convergence criterion (10®) for the

optimization and the frequency calculations.
3.2.2 Charge and Spin Analysis

Mulliken charge and spin distributions of the title compounds were obtained from
default optimization calculation results. APT charges were also calculated with default
vibrational frequency calculations. And as for natural charge distribution, single point
energy calculations were performed with “Pop=NBORead” keyword at B3LYP/def2-
TZVP level.

3.2.3 Vibrational Frequency Calculations

Vibrational frequency calculations for the ground spin state of the complexes
were calculated with the same level of theory calculations on the basis of the optimized
geometries. In most complexes, there was no imaginary frequency, which means we
have obtained ground state structures. However in Co(Il) and Ni(Il) complexes we have
encountered with imaginary frequency problem. This is because transition metals have
degenerate s and d orbitals, especially for the open-shell systems, so SCF convergence
is quite compelling [4]. In our case, those imaginary frequencies mean our complexes
converged to a saddle point instead of minima points. So we re-optimized our

complexes until the ground-state energy was found.
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Since the DFT calculations are performed in the gas phase, harmonic vibrational
frequencies generally overestimate the experimental frequencies due to the neglect of
anharmonicity [142]. General procedure for correcting these discrepancies is scaling the
calculated frequencies. Therefore, we have determined scale factors for the vibrational
frequencies of the free ligands p-toluidine and m-toluidine, respectively as 0.9771 (R*=
0.999) and 0.9802 (R?= 0.999) below the 1700 cm™ and 0.9514 (R*= 0.732) and 0.9465
(R? = 0.996) above the 1700 cm™ at def2-TZVP level and used these scale factors for
the computed frequencies of the complexes.

The vibrational spectra of the free ligands and the complexes were simulated by
pure Lorentzian band shapes with a bandwidth (FWHH) of 10 cm™ and using the scaled

computational frequency v, of each mode i and the corresponding calculated IR (Iir)

and Raman (Ig,) intensities.
3.2.2.1 Prediction of Raman Intensities

Raman intensity of each mode was obtained from its calculated Raman scattering

activity (Sga) by taking the laser excitation frequency v, to be 9398.5 cm™' (= 1064 nm)

and using the following well-known formula of the scattering theory [143]:

| = f(v, _Vi)4SRa,i (3.1)
. v, {1—exp(— h:_;/i )}

where h, ¢, and k are Planck’s constant, speed of light, and Boltzmann’s constant; f is a

normalization factor that is common for all peak intensities.



CHAPTER 4

RESULTS & DISCUSSIONS

Results of this study are provided and analyzed in this chapter under the three
fundamental sections as molecular structures, charge and spin distributions and finally

vibrational frequencies.

4.1 MOLECULAR STRUCTURES

Optimized molecular geometries of the ligands p-toluidine and m-toluidine, and
the related twenty transition metal complexes have been obtained in the gas phase at
B3LYP/def2-TZVP level using Gaussian 03 program package. As mentioned in Chapter
3, ground state energies of the tetracoordinate, pentacoordinate and hexacoordinate
form of open-shell complexes have been determined by considering all possible
conformations around the metal ions and the spin states (doublet, quartet and sextet for
the Mn(lIl), Co(ll), and Cu(ll) complexes; singlet, triplet, and quintet for the Ni(ll)
complex). As far as we know, in the literature there is no available X-ray data or
theoretical calculation results for these complexes. Therefore we provide predictions for

the molecular structures of the title complexes for the first time.
4.1.1 Molecular Structures of the Free Ligands

Aniline derivatives are generally used as coordination ligands in transition metal
complexes [17-26]. The addition of a CH3 as a substituent group to aniline, results in
diversity on structural and vibrational parameters, as well as charge distribution. P-
toluidine and m-toluidine are used as the coordination ligands in this study consist of an
amino and a methyl groups attached to a planar benzene ring at para- and meta-

positions respectively (see Fig. 4.1).
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Figure 4.1 Optimized geometry parameters of a) p-toluidine and b) m-toluidine.

Molecular geometries of the p-toluidine and m-toluidine have been previously
determined with HF, MP2, BVP86, and B3LYP methods, employing 6-31G (d), 6-
31G(d,p), 6-311G+(d,p) basis sets [66, 67, 144, 145]. In this thesis, for the ligands we
have employed def2-TZVP basis set at B3LYP level, in order to provide integrity with
our title transition metal complexes and compared computed geometry parameters by

means of experimental bond lengths and bond angles which are taken from Ref. [146].

Table 4.1 gives the computed geometry parameters of the ligands (p-toluidine
and m-toluidine), and also experimental X-ray data of p-toluidine. Since the
experimental X-ray data of m-toluidine is not available in the literature, we use
geometry parameters of p-toluidine which has similar structure with m-toluidine.
According to Table 1, experimental N-H bond length is 1.02 A, and computed bond
lengths are ~1.01 A both for p-toluidine and m-toluidine being very close to the
experimental data. Computed C-N bond length of p-toluidine is a bit longer than from
m-toluidine, due to the para position of the substituent group. C-C bond lengths are
also close to the experimental bond lengths, varying with a very small difference
between two ligands. According to the X-ray data, the bond distance between C and
CHs is 1.55 A, whereas it is computationally 1.51 A in both of the ligands. Computed
C-H bond lengths of the ring and methyl group have exactly same values
(respectively, 1.08 A and 1.09 A) with the experimental result for both of the ligands.
Computed bond angles are also in agreement with the experimental data, e.g. the angle
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between H-N-H is experimentally 113° and computationally ~112°, whereas the angle
between H-C-H in the methyl group is experimentally 109° and computationally ~108°
for both of the ligands. C-C-C angles in the rings differ 1-2° in the p-toluidine and m-
toluidine due to the position of the CH3.

Table 4.1 Geometry parameters of p-toluidine and m-toluidine.

B3LYP/def2-TZVP

Exp® p-toluidine m-toluidine

Bond Lengths (A)

N-HP 1.02 1.007 1.008
C-N 1.43 1.397 1.394
C3-C4 1.36 1.398 1.399
C3-C2 1.39 1.388 1.399
C1-C2 1.40 1.395 1.392
C1-C6 1.39 1.395 1.396
C5-C6 1.40 1.388 1.390
C4-C5 1.39 1.398 1.387
C-CH; 1.55 1.507 1.507
C-H (Ring)® 1.08 1.084 1.084
C-H (Methyl)° 1.09 1.092 1.092
Bond Angles (Degree)

H-N-H 113.0 111.9 112.2
H-C-H (Methyl)®  109.5 107.4 107.6
C6-C1-C2 117.8 1171 118.9
C1-C2-C3 120.5 121.8 121.6
C2-C3-C4 120.5 120.6 118.7
C3-C4-C5 120.3 118.0 119.9
C4-C5-C6 119.2 120.6 120.9
C5-C6-C1 121.5 121.8 119.9

% Experimental X-ray data of p-toluidine [146] o Average Value.

Therefore, calculated bond lengths and bond angles obtained with def2-TZVP
basis set are very close to the experimental data, having small values of mean absolute
errors (MAE) and linear correlation coefficient (R%) values very close to 1, for both of
the ligands. For bond lengths, these values are respectively 0.015 and 0.984 for p-
toludine and 0.016 and 0.983 for m-toludine. However for bond angles MAE and R?
values are respectively 1.164 and 0.926 for p-toluidine and 1.300 and 0.913 for m-

toluidine.



41

4.1.2 Molecular Structures of the Metal Bromide Complexes of P-toluidine

In this section, molecular structures of the Mn(ll), Co(ll), Ni(Il), Cu(ll), Zn(ll),
Cd(I1), and Hg(l1) bromide complexes of p-toluidine are explained in detail. Optimized
molecular structures and the key geometry parameters around the metal atom of the title
complexes are given in Fig. 4.2, Fig. 4.3 and Table 4.2, and in the following we will not

discuss the species those lie more than 10 kcal/mole above the ground-state-species.

Table 4.2 The key geometry parameters around the metal ion of the p-toluidine bromide
complexes.

Mn comp. Cocomp. Nicomp. Cucomp. Zncomp. Cdcomp. Hgcomp.

Bond Lengths (A)
M-Br® 2.545 2386 2711 2433 5364 2505 2485
(2.620)°

M-L? 2.481 2.145 2.186 2.097 2.213 2.500 2.790
C-N? 1.405 1.438 1.402 1.439 1.434 1.427 1.412
Bond Angles (Degree)

L—M-L, 167.6 107.9 177.9 179.9 98.36 92.27 85.31
Br-M-Br? 120.0 136.5 90.01 179.9 138.4 150.2 164.8
M-N-C*? 128.3 115.7 127.9 117.3 116.2 114.8 115.6
H-N-H? 1111 108.4 110.0 110.1 108.6 108.0 110.3

Torsion Angles (Degree)
C-N(Ly)-M-N(L,) 120.8 2.398 -96.52 178.6 179.6 -179.9 -163.8
C-N(L,)-M-N(L,) 120.3 -171.9 -97.03 1.422 -0.180 -0.001 2.891

a Average Value. ® One of the Mn-Br bonds is significantly longer than the other two bonds.
Therefore, it is not included in the average and given as a separate value in parentheses.

According to the experimental studies performed by Ahuja, Allen, and Golciik et
al. [24, 40, 41], the magnetic and electronic data suggest polymeric octahedral
environments around the Mn and Ni complexes in the solid phase that have the
chemical formula of ML,Br,. This is possible through two bridging bromides in the
solid phase for the hexa-coordinate complex. This suggests that the ML,Br, complexes
of the solid phase resemble structurally and electronically more to the isolated
[ML,Brs]? in the gas phase that include all the atoms in the coordination spheres.

Therefore, we performed geometry optimizations for the isolated hexa-coordinate
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complexes of [ML2Brs? for M = Mn and Ni. However, the optimizations give
stationary points only for the hexa-coordiante Ni complex. So we also performed
geometry optimization for the penta-coordiante Mn complex of the form [ML,Brs]™.
And this time we found stationary points. The lowest energy species of the isolated
penta-coordinate Mn complex is a sextet (S = 5/2) while that of the isolated hexa-
coordiante Ni complex is a triplet (S = 1). Hence, the polymeric structures of the Mn
and Ni complexes share one and two bromides of the neighboring complex in the solid

phase, respectively, as shown in Fig. 4.2a and Fig. 4.2b.

@ 3

Figure 4.2 Optimized geometries of the Mn and Ni bromide complexes of p-toluidine in
solid phase.

For the Co, Zn, Cd, and Hg complexes we have obtained several stable
tetrahedral conformers that differ in the orientation of p-toluidine (Fig. 3a). Among
those, Conf. 1 is the ground state species and the next lying species (Conf. 2) is only
(as an average) ~5 kcal/mole above it. For the Cu complex, we have found square
planar environment as in the Fig. 4.3b. Since the Co and Cu complexes have open-
shell configurations, Co complex is found as quartet (S=3/2), and Cu complex is
found as doublet (S=1/2).
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Figure 4.3 Optimized geometries of the Co, Zn, Cd, Hg, and Cu bromide complexes of
p-toluidine.

In Co, Cu, Zn, Cd, and Hg complexes, metal-bromine bond lengths lie between
2.36-2.53 A, and metal-ligand bond lengths are between 2.10-2.79 A. In Co, Cu, Zn and
Cd complexes metal-bromine bond lengths are found to be longer than metal-ligand
bond lengths, whereas in Hg complex metal-ligand bond length is found to be longer
than metal-bromine bond length. These differences in metal-bromine and metal-ligand
bond lengths show that these complexes have distorted geometries. For the free p-
toluidine, C-N bond length is 1.397 A at B3LYP/def2-TZVP level, however in all of the
bromide complexes of p-toluidine these bond lengths are found to be longer (having
average value 1.422 A) due to the complexations occur via nitrogen atom of the free

ligand.

Although bromine-metal-bromine and ligand-metal-ligand angles have the same
value for the Cu complex because of square planar configuration, these angles differ for
other complexes. Metal-ligand-carbon angles of Mn and Ni complexes bigger than other
complexes due to the penta and hexa-coordinate of these complexes. H-N-H angles are
close to each other for all of the complexes. On the other hand complexation affects H-
N-H angle causing decrease in the angle from ~112° to ~109° in the complexes when
compared with free p-toluidine. C-N-Metal-N dihedral angles also vary according to the

geometrical structures of the complexes (see Table 4.2).
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4.1.3 Molecular Structures of the Metal lodide Complexes of P-toluidine

In this part, molecular structures of Ni(ll), Zn(Il), and Cd(Il) iodide complexes of
p-toluidine are investigated. Optimized geometries have been obtained with same level
of calculations (given in Fig. 4.4), and some important parameters around the metal

atoms of the complexes are shown in Table 4.3.

M =2Zn and Cd

(b)

Figure 4.4 Optimized molecular geometries of the Ni (in solid phase), Zn, and Cd iodide
complexes of p-toluidine.

For the Ni complex, Ni(ll) ion in the complex was found monomeric distorted
octahedral in the UV-Vis study performed by Altun et al. [22]. On the other hand
Engelter et al. [19] states the polymeric octahedral coordination of Ni(ll) complexes
according to the color and magnetic moments. Being consistent with the Engelter’s
results, in our calculations we also predict the structure of Ni complex as distorted
polymeric octahedral having nickel-bromine bond length as 2.99 A and nickel-ligand
bond length as 2.16 A (see Fig. 4.4a). Among singlet, triplet and quintet calculations,

the lowest energy species is obtained for triplet having S=1.
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Table 4.3 The key geometry parameters around the metal ion
of the p-toluidine iodide complexes.

Nicomp. Zncomp. Cdcomp.

Bond Lengths (A)

M-12 2.988 2.564 2.712

M-L*? 2.162 2.223 2.518

C-N? 1.414 1.434 1.426

Bond Angles (Degree)

Li-M-L, 177.6 97.17 90.60

-M-I? 90.00 136.1 147.8

M-N-C? 128.4 116.7 1155

H-N-H? 108.7 108.5 108.9

Torsion Angles (Degree)

C-N(Ly)-M- N(Ly) -96.36 -180.0 -0.117
C— N(Ly)-M-N(Ly) -99.74 -0.584 -179.9

% Average Value.

The density functional calculations predict the molecular structures of Zn and Cd
complexes as distorted tetrahedral, being in agreement with the previous experimental
and theoretical study on these complexes [22]. Supporting this information metal-iodine
and metal-ligand bond lengths are respectively 2.56 A and 2.22 A for Zn complex, and
2.71 A and 2.52 A for the Cd complex. Because of the complexation occurred from the
nitrogen atom of the free p-toluidine, an increase from 1.397 A (p-toludine) to ~1.425 A
(average value for the complexes) is observed in the C-N bond lengths of the

complexes.

On the other hand, ligand-metal-ligand and iodine-metal-iodine angles are in
parallel with each other in tetrahedral (Zn and Cd) complexes whereas it is quite
different in octahedral (Ni) complex. H-N-H angle is ~112° in the free p-toluidine and
this angle is decreased to ~109° in complexes, having almost same values for three of

the complexes.
4.1.4 Molecular Structures of the Metal Bromide Complexes of M-toluidine

Molecular structures of the Mn(ll), Co(ll), Ni(ll), Cu(ll), Zn(ll), Cd(ll), and
Hg(ll) bromide complexes of m-toluidine are represented in this part. As in the Mn and

Ni bromide complexes of p-toluidine, we have calculated penta- and hexa- coordinate
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complexes of [ML2Brs]™* and [ML,Br]” for M = Mn and Ni, L= m-toluidine. And we
have obtained stable conformers only for penta-coordinate Mn complex and for hexa-
coordiante Ni complex, which mean in the solid phase Mn complex is sharing one of
the bromines (Fig. 4.5a), whereas Ni complex is sharing two bromides with the
neighbor complex (Fig. 4.5b). Calculations also predict Mn complex as sextet, and Ni

complex as triplet for the ground state structures.

Figure 4.5 Optimized geometry parameters of Mn and Ni bromide complexes of m-
toluidine in solid phas

Br

M=CoandCu

v

(a) (b)

M =2Zn, Cd, and Hg
Br

9

Figure 4.6 Optimized geometries of Co, and Cu complexes and Zn, Cd and Hg bromide
complexes of m-toluidine.
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According to the Fig. 4.6 and Table 4.4, calculations suggest square planar
geometries for the Co and Cu complexes, and distorted tetrahedral structures for the Zn,
Cd and Hg complexes. Metal-bromine bond lengths of these complexes are longer than
the metal-ligand bond lengths except for the Hg complex, having a longer metal-ligand
bond length. An increase in the C-N bond length with respect to free ligand (m-
toludine) is also observed for these complexes from 1.394 A to ~1.423 A. DFT
calculations predict Co complex as doublet, different from the CoBr,(p-tol),, and Cu
complex as also doublet in parallel with the CuBr;,(p-tol),. Co and Cu complexes have
exactly same values for the ligand-metal-ligand and bromine-metal-bromine angles as
180° (see Fig. 4.6a) and Zn, Cd, and Hg complexes have similar values for these angles
and same structures (see Fig. 4.6b). Metal-ligand-carbon angles differ according to the
complex geometries. 5- and 6 coordinated complexes have larger metal-ligand-carbon
angles than the 4-coordinated structures. Change in H-N-H angles with respect to free
m-toluidine is also observed for metal bromide complexes of m-toluidine. This angle
changed from ~112° (for m-toluidine) to ~110° (average value for the title complexes).
Although dihedral angles are generally different for each of the complexes, Co and Cu

complexes have very close values for the C-N-M-N torsion angles.

Table 4.4 The key geometry parameters around the metal ion of the m-toluidine
bromide complexes.

Mn comp. Cocomp. Nicomp. Cucomp. Zncomp. Cdcomp. Hgcomp.

Bond Lengths (A)

2.543 2.395 2.710 2.432 2.364 2.525 2.484
M-Br® b

(2.616)

M-L? 2.490 2.018 2.191 2.100 2.214 2.501 2.793
C-N? 1.403 1.449 1.401 1.439 1.433 1.426 1.411
Bond Angles (Degree)
Li—-M-L, 167.8 180.0 179.8 180.0 98.83 92.83 84.52
Br-M-Br? 120.0 180.0 90.00 180.0 138.2 149.9 164.6
M-N-C? 128.5 117.6 127.8 117.5 116.1 114.8 115.0
H-N-H? 111.3 109.0 110.2 110.2 108.7 109.2 110.4
Torsion Angles (Degree)
C-N(L1)-M-N(L,) 120.4 92.86 -93.10 94.23 -0.028 2.965 -0.441
C-N(L;)-M-N(L,) 120.2 87.60 -97.18 86.50 -168.5 -170.6 -172.8

% Average Value. *; One of the Mn—Br bonds is significantly longer than the other two bonds as
in the MnBr(p-tol),.
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4.1.5 Molecular Structures of the Metal lodide Complexes of M-toluidine

In this section molecular structures of Ni(ll), Zn(1l), and Cd(ll) iodide complexes
of m-toluidine are investigated. For the title complexes, B3LYP/def2-TZVP level
calculations predict geometrical structures around the metal atoms similar with the

iodide complexes of p-toluidine.

M =2Zn and Cd

(b)

Figure 4.7 Optimized geometry parameters of Ni (in solid phase), Zn and Cd
complexes.

Stable conformer for the Ni complex has been obtained only for [ML2l4]? having
metal-iodine bond length as 2.99 A and metal-ligand bond length as 2.16 A which
suggest distorted octahedral structure around the nickel atom (Fig. 4.7a). DFT

calculations also predict Ni complex as triplet (S=1).

Since Zn and Cd complexes have closed-shell configurations (S=0), calculations
have performed with multiplicities as 1. Optimized geometrical structures of Zn and Cd
complexes are given in Fig. 4.7b and the key geometry parameters around the metal
atoms of all three complexes are provided in Table 4.5. According to the Table 4.5,
metal-iodine bond lengths are longer than metal-ligand bond lengths for both Zn and Cd

complexes, which supports distorted tetrahedral environment around the metal atom.
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Due to coordination occurs via nitrogen atom of the m-toludine, C-N bond lengths
of m-toluidine are increased in the complexes from 1.394 A to 1.424 A, H-N-H angles
are decreased from ~112° to ~109° consistent with all other complexes. As seen from
Table 4.5, bond angles and dihedral angles have very close values for Zn and Cd

complexes, supporting the given structure in Fig. 4.7b.

Table 4.5 The key geometry parameters around the metal ion
of the m-toluidine iodide complexes.

Nicomp. Zncomp. Cdcomp.

Bond Lengths (A)

M-12 2.988 2.565 2.712
M-L*® 2.162 2.221 2.521
C-N? 1.414 1.434 1.425
Bond Angles (Degree)

L,-M-L, 178.7 97.78 91.21
-M-12 90.00 136.1 1475
M-N-C? 128.0 116.6 115.0
H-N-H? 108.8 108.6 109.2
Torsion Angles (Degree)

C-N(L)-M—N(L,) -94.89 5.976 4.813
C— N(Lp)-M-N(L;) -101.8 -170.9 -167.5

& Average Value.
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4.2 CHARGE AND SPIN DISTRIBUTION

In this section Mulliken, natural bond orbital (NBO), and atomic polar tensor
(APT) charge analyses are performed for all compounds including ligands, whereas
Mulliken spin analyses is performed only for the complexes having open-shell
configurations. Computations of atomic charges and spins are important since they are
directly related with the molecular structures and properties of the compounds.
However accurate calculations on charge distributions are challenging. Since the default
optimization and energy calculations provide the Mulliken charge results, it is one of
the traditional and most widely used methods for charge distribution analysis. But at the
same time, it is basis set dependent and thus have weaknesses in predicting inaccurate
results at some basis sets [147, 148]. Natural charges provided by the NBO method are
based on the investigation of the atomic and molecular orbitals and mostly give good
results, having no basis set dependency. Apart from these methods APT charges are
based on the parametrization of the experimental infrared intensities, and can be directly
obtained from default vibrational frequency calculations. If the observed infrared
frequencies are consistent with the computed frequencies, mostly APT charge results
are also accurate [149]. In order to obtain physically meaningful results on charge
distributions of atoms, we apply traditional Mulliken method with the more improved
NBO and APT charge analysis methods at B3LYP/def2-TZVP level for our all

compounds.
4.2.1 Charge Distribution of the Free Ligands

P-toluidine and m-toluidine are the ligands used for coordination in this study.
Both of the ligands include amino and methyl groups at different positions, and
independent from their positions these CH3 and NH; groups are accepted as the electron

donors of the aromatic ring compounds [144].

Mulliken, NBO, and APT charge distributions of the ligands are provided in Fig.
4.8 consistent with the numbering scheme of atoms given in Fig.4.1. Although Mulliken
charge distribution is giving unnatural results for most of the basis sets [147, 148], in
this study for both of the free ligands we have obtained compatible results with the
NBO and APT analyses by using def2-TZVP basis set.
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Figure 4.8 Charge distributions of p-toluidine and m-toluidine with Mulliken, NBO, and
APT methods.

According to the Fig. 4.8 charge distributions are mostly in agreement with three
of the methods, having small differences. Nitrogen atom is found to be most negative in
all methods, and C4 of p-toluidine and C3 of m-toluidine which are bonded with
nitrogen atom found to have positive charges as expected. C11 atoms of ligands are
negative in Mulliken and NBO methods, whereas it is positive in APT method.
According to Mulliken and APT analyses, C4 of p-toluidine and C3 of m-toluidine are
the most positive, however for NBO hydrogen atoms of the amino group are found to

have most positive charges.

4.2.2 Charge and Spin Distribution of the Metal Bromide Complexes of P-toluidine

Charge distribution of the Mn, Ni, Co, Cu, Zn, Cd, and Hg bromide complexes of
p-toluidine have been analyzed by means of Mulliken, NBO, and APT methods at
B3LYP/def2-TZVP level (see Fig. 4.9). Although Mulliken method is known for giving
unnatural results on charges of atoms, in our study for the metal bromide complexes of
p-toluidine its results are mostly in agreement with other methods. Unsurprisingly, for
the Mn, Ni, Co, Zn and Hg complexes the most positive charges are located on metal
atoms, and the most negative charges are located on the nitrogen and bromine atoms in
all three methods. On the other hand, in Cu complex, C3 atom is found to have most
positive charges instead of Cu atom with the Mulliken method, whereas NBO and APT
predicting accurate results. On the contrary in Cd complex, NBO method finds most
positive charges on hydrogen atoms instead of cadmium atom, while Mulliken and

NBO finds most positive charges on the metal atom as expected.
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If we order the quantity of the positive charges found on metals, we see that,

In Mulliken; Mn =Cd >Hg > Co =Ni=2Zn> Cu
In NBO; Mn > Ni>Zn>Hg>Co>Cu>Cd
INnAPT; Mn>Ni>Zn>=Cd>Co=Hg>Cu

Therefore, it can be said that at the B3LYP/def2-TZVP level, prediction of APT
charges for all complexes are better than other methods, and except Cu, and Cd
complexes all of the three methods predict meaningful charge distribution results on

metal bromide complexes of p-toluidine.

As for spin analysis, the ground-state species of the title complexes have pure spin
states with almost no spin contamination, indicated from the calculated S values that
deviate from the ideal value by less than 0.01. According to possible spin-state
calculations Mn complex is found as sextet (S=5/2), Ni complex as triplet (S=1), Co
complex as quartet (S=3/2) and finally Cu complex is found as doublet (S=1/2). The
unpaired spins are mainly located on the metal ions (4.81e on Mn corresponding to
96%, 1.56e on Ni corresponding to 78%, 2.66e on Co corresponding to 89% and 0.44e
on Cu corresponding to 44%). The remaining amount of the spin density is accumulated

mostly on Br atoms.
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Figure 4.9 Mulliken, NBO, and APT charge distributions of metal bromide complexes
of p-toluidine.
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4.2.3 Charge and Spin Distribution of the Metal lodide Complexes of P-toluidine

and M-toluidine

Mulliken, NBO, and APT charge distributions of the metal (Ni, Zn, and Cd)
iodide complexes of p-toluidine and m-toluidine are provided together in Fig. 4.10.
Different from the metal bromide complexes, we have obtained inaccurate results for
charge distributions of metal iodide complexes in the NBO analysis. The reason for this
may be iodine is heavier than bromine, and located in the lower part of the periodic
table having large number of core electrons. Since effective core potential (ECP) is used
for the iodine containing systems at def2-TZVP level, it may have been affected our
natural charge distribution results negatively. In our computations, physically most
meaningful results are obtained with APT method. Despite of the shortcomings of
Mulliken analysis, results of the Mulliken are also quite well, having accordance with
the APT charges. Therefore, for the metal iodide complexes of p-toluidine and m-

toluidine NBO charge analysis results are not trustworthy.

The order of positive charges located on metal atoms for p-toluidine and m-

toluidine complexes;

Mulliken for p-toluidine and m-toluidine complexes: Cd > Ni > Zn
NBO: As mentioned above, negative charges are found on metals.

APT for p-toluidine complexes: Ni > Zn = Cd, for m-toluidine complexes Ni = Zn = Cd.

If we compare p-toluidine and m-toluidine complexes, in APT and Mulliken
methods, all hydrogen atoms are found mostly positive and carbon atoms are found
negative as in the case of free ligands. We can also observe that most positive charges
are located on nickel, zinc and cadmium atoms, and most negative charges are

accumulated on nitrogen and iodine atoms as expected.

Since zinc and cadmium complexes have closed shell configurations, spin
analysis is only performed for the nickel complexes. Computed S? values are found
2.007 for both Ni complexes, which mean there is no spin contamination. The unpaired
spins are mostly accumulated on nickel atoms 1.49e on nickel (~74%) and 0.42e on
iodine atoms (~21%) in both of the nickel complexes of p-toluidine and m-toluidine.
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Ground state Ni complexes also found as triplet having S=1 among singlet, triplet and

quintet computations.
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Figure 4.10 Mulliken, NBO, and APT charge distributions of Ni, Zn, and Cd complexes

of p-toluidine and m-toluidine.
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4.2.4 Charge and Spin Distribution of the Metal Bromide Complexes of
M-toluidine

Charge distributions of metal bromide complexes of m-toluidine are provided in
Fig. 4.11 by means of Mulliken, NBO and APT methods. As in the case of metal
bromide complexes of p-toluidine, APT charges are the physically most meaningful
ones among three methods for all of the title complexes. Natural charges obtained with
NBO also predict good results, except for Cd and Hg complexes. As it is mentioned
above the reason for this may be the usage of ECP potential in cadmium and mercury
complexes. Mulliken charge results for Co and Cu complexes are not accurate; having

the most positive charges on one of the hydrogen atoms instead of metal atoms.

The positive charges on metal atom of the m-toluidine bromide complexes follow

the trends;

In Mulliken: Mn =Cd > Hg > Ni=2Zn>Co > Cu
In NBO: Hg > Zn > Ni =Cu > Mn > Co > Cd
In APT: Mn > Ni>Zn=Cd>Hg>Cu>Co

In terms of having physically meaningful results, in all of the complexes most
positive charges are found on metal atoms, and most negative charges are found on
nitrogen and bromine atoms via APT method. Therefore for our title complexes (both of
metal bromide and iodide complexes of p-toluidine and m-toluidine) APT results are

more reliable than other two methods.

Low and high spin state calculations are performed for Mn, Ni, Co and Cu
bromide complexes of m-toluidine. Computations found Mn complex as sextet having
S=5/2, Ni complex as triplet with S=1, and Co and Cu complexes as doublet with
S=1/2. The unpaired spins are mostly found on metal atoms as expected (96% are

located on Mn atom, 78% on Ni atom, 100% on Co atom and 45% on Cu atom).
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Figure 4.11 Mulliken, NBO, and APT charge distributions of metal bromide complexes
of m-toluidine.
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4.3 VIBRATIONAL FREQUENCIES

Vibrational frequency calculations of the free ligands and related transition metal
complexes are obtained from the optimized geometries, and the normal modes have
been assigned on the basis of the percent potential energy distribution (PED). All
calculations are performed at B3LYP/def2-TZVP level in the gas phase. The absence of
imaginary frequencies in the vibrational frequency calculations ensured that we have
obtained equilibrium geometries for the corresponding complexes. In this section firstly
we provide the vibrational frequencies of the free ligands, then their corresponding
complexes by investigating the coordination effects on the modes of the ligands, and
metals. In the determination of the vibrational assignments, v stands for stretching, 3 for
in plane deformation, y for out of plane deformation, and finally t corresponds to the
torsional vibrations. Experimental spectra results are obtained from the previous studies
[21-26], and our computations are compared with the experimental findings at the end

of this section.

4.3.1 Vibrational Frequencies of the Free Ligands

The vibrational frequencies of the ligands p-toluidine and m-toluidine have been already
investigated by means of HF, MP2, BVP86, B3LYP, and B3PW91 methods using split-
valance Pople basis sets in the previous studies [66,67,144,145]. In this thesis, we
extend these calculations with more extensive and accurate def2-TZVP basis set,
employed for the complexes using B3LYP. The experimental and theoretical vibrational
bands of p-toluidine and m-toluidine are given in Table 4.6 and Table 4.7 with band
assignments in terms of the calculated percent contributions of the internal coordinates
to each mode. Both of the ligands have 17 atoms, which mean 45 normal modes. Each
mode of the ligands are labeled between 1-45 in Tables 4.6 and 4.7, and these labels are
then used in the tables of the complexes for relating the modes of free ligands to those
for the complexes. Thus we will provide the detailed analysis of vibrational assignments

of p-toluidine and m-toluidine with their related complexes in the following sections.
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Table 4.6 Experimental and calculated vibrational frequencies (in cm™) and %

assignments of p-toluidine.

p-toluidine

Exp.* B3LYP/def2-TZVP PED (%) Assignments
No IR Ra Calc. Scaled IRInt. Ralnt.
1 3416s 3418w 3647 3470 134 22.6 100 vNH, (asym.)
2 3333s 3337w 3552 3379 16.3 80.8 100 vNH, (sym.)
3 3056w 3054s 3171 3017 04 160 99 vCH
4 3020m 3032s 3168 3014 40.2 0.1 96 vCH
5 3008m 3013s 3152 2999 11 64.7 96 vCH
6 3152 2999 28.6 2.3 99 vCH
7 2912m 2917s 3097 2946 18.2 36.5 97 vCH3 (asym.)
8 2859m 2861m 3070 2921 21.8 52.9 97 vCH3; (asym.)
9 2737w 2738w 3019 2872 454 173 98 vCH3 (sym.)
10 1621vs 1617s 1667 1629  109.8 1345 44vCC; 26 BNH, (sciss.); 15 BCH
11 1654 1616  12.7 11.8 59 BNH, (sciss.); 21 vCC; 11 BCH
12 1582s 1581 m 1621 1584 3.1 25 63 vCC; 12 BCH; 15 BNH; (rock.); 10BCCH;
13 1514 vs 1555 1519 100.8 0.7 51 BCH; 11 vCC; 15 BCCC
14 1501 1467 84 16.7 64 BCHs; 14 BCCHg; 10 BCH
15 1488 1454 6.1 36.4 74 BCHs; 22 BCCH3
16 1441s 1463 1429 0.3 2.9 37 vCC; 26 BCH; 14 BCHs; 12 BNH, (rock.)
17 1380 m 1417 1385 O 65 93 BCH3
18 1324m 1324w 1359 1328 1 2 69 BCH; 20 BNH, (rock.); 10 BCCC
19 1281m 1333 1302 74 7.8 66 vCC; 17 BNH, (rock.); 15 BCCHjz
20 1267vs 1271m 1301 1271 755 45.9  479CN; 21 vCC; 16 BCH; 14 BCCC
21 1218 m 1235 1207 0.2 60.5 71 vCC; 15 BCH
22 1176s 1179m 1207 1179 8.1 24.9 76 BCH; 10 vCC
23 1120s 1153 1127 10.2 1.1 58 BCH; 20 BNH, (rock.); 18 vCC
24 1074 m 1092 1067 1.8 8.7 57 PNH; (rock.); 19 BCCHjs; 11 vCC; 11 BCCC
25 1044 m 1064 1040 84 10.4 70 yCCHsg; 18 yCHg; 10 yCH
26 983w 1034 1010 0.2 0.9 73 BCCC; 10 BCH
27 953w 1002 979 0 3.7 42 BCCHg; 18 BCHg; 18 BCNH,; 14 vCC
28 933 912 0 0.3 82 yCH; 11 yCCC
29 931w 931 910 0.2 3.8 84 yCH; 14 yCCC
30 844 s 854 834 2.1 259.9 42 vCC; 27 vCN; 20 BCCC
31 812vs 830 811 58.5 21.4 67 yCH; 19 yCCH3+yCNH,
32 821 802 0.2 0.3 92 yCH
33 720m 752 735 0.3 5.4 45 BCCC; 30 vCC; 24 vCN
34 724 707 1.6 5.9 70 yCCC+yNH, (wag.); 22 yCCH3
35 645 s 661 646 0.1 50.5 71 BCCC; 12 BCNH,
36 591 577 279.7 57.6 82 yNH, (wag.); 10 yCCHj3
37 504 vs 510 498 75 9.5 80 yCCC + yNH, (wag.)
38 470 466 s 470 459 3.6 119.6 60 BCCC; 40 vCC+uCN
39 409 w 420 410 0.1 2.9 79 yCCC; 12 yCH
40 410 401 0 6.7 80 BCCH5+BCNH,; 20 BCCC
41 335m 323 316 2 54.8 75 yCNH,+ yCCHg; 18 yCCC
42 300 293 0.1 0.3 91 BCCH3+BCNH, (twist.)
43 278 272 20.2 8.9 96 YNH, (twist)
44 121 vs 140 137 4.2 18.5 72 yCNH,+ yCCHg; 21 yCCC
45 20 20 0.4 3057.8 90 yCHj3 (torsion)

*Experimental data is taken from Ref. [144].
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Table 4.7 Experimental and calculated vibrational frequencies (in cm™) and %

assignments of m-toluidine.

m-toluidine

Exp.* B3LYP/def2-TZVP PED (%) Assignments
No IR Ra Calc. Scaled IR Int. Ralnt.
1 3435s 3652 3457  14.07 21.922 100 vNH; (asym.)
2 3354s 3353 m,br 3556 3366 17.13 75.131 100 uNH,
3 3034 m 30465 3184 3014 16.81 114.27 87vCH
4 3015m,sh 3012s 3169 2999  20.45 34.893 96 vCH
5 3158 2989 494  38.868 89 vCH
6 2975m,sh 2974 m 3147 2979  19.99 43.032 95vCH
7 2946 m,sh 3104 2938 16.38 34.173 99 vCHj; (asym.)
8 2919m 2919s 3078 2913  19.04 46.751 99 vCHj; (asym.)
9 2857w 2857 m,sh 3026 2864 29.79 137.96 99 vCH;
10 1622 vs 1661 1629  152.69 46.515 77 PNH; (sciss.); 20 vCC
11 1649 1617 40.05 27.272 67 vCC; 33 BNH; (sciss.)
12 1591 vs 1590 m 1630 1598 24.03 17.912 64 vCC; 15 PNH; (rock.); 12 BCH3
13 1533 1503  34.77 2.9257 44 BCH; 33 vCC; 11 BNH, (rock.); 10 BCHj
14 1493 vs 1493 w 1510 1480 27.08 5.0802 62 BCH;; 20 vCC; 14 BNH,
15 1469s 1490 1461 6.39  27.125 80 BCHs; 17 BCCH;
16 1443 m,ssh 1447 w,br 1473 1444  0.86 15.096 50 BCHs; 34 BCH; 13 BNH,
17 1381w 1378 m 1415 1387 0.71  36.125 92 BCHj,3
18 1354 1327 3.72  2.2505 62 BCH; 21 vCC
19 1314 m 1313 m,ssh 1342 1315 11.28 7.7718 47 vCC; 20 BCNH,; 16 BCH; 14 BCCH;
20 1293s 1293 m 1319 1292  44.75 51.364 39 vCN; 22 vCC; 26 BCCC
21 1170s 1166 m 1195 1171 126 5.63 57 BCH; 27 vCC; 14 vCN
22 1194 1170 659  9.4732 75BCH; 12 vCC
23 1106 w 1133 1111  1.89 16.283 46 BNH, (rock.); 38 vCC; 16 BCH
24 1077w 1075 w 1094 1072 149  4.9732 47 BNH; (rock.); 25 vCC; 15 BCCH3
25 1038w 1061 1040 7.42  8.7615 70yCCHg; 17 yCH3; 13 yCH
26 1021 1001 354  1.3697 47 BCCHs; 27 BCNH,; 20 pCCC
27 996 m 996 vs 1014 994 1.97 183.28 68 vCC; 31 BCCC
28 965 vw 946 927 597 3.786 36 BCCC; 30 BCH; 23 vCN; 20 vCC
29 926 m 928 vw 943 924 0.03  0.1654 78 yCH; 21 yCCC
30 870m 875 858 14.64 2.9537 79 yCH; 16 yCCC
31 855m 856 839 232 0.7636 87yCH; 12 yCCC
32 T775vs 784 w 782 766 4459 2.0319 72yCH; 12 yCCC
33 738s 749 734 0.14  143.35 41 BCCC; 31 vCC; 27 vCN (breath.)
34 691 vs 705 691 16.44 1.7699 52 yCCC; 28 yCH; 10 yCNH, (wag.)
35 600 588 121.93 28.073 53 yNH2 (wag.); 33 yCCC; 14 yCCH;3
36 557m 559 548 61.89 117.69 41yCNH2; 32 yCCH3;26 yCCC
37 538m 543 m 539 528 134.42 11.679 35 BNH,(wag.); 25 vCC; 23 vCN; 17 BCCC
38 518 m 526 515 0.83  59.127 64 BCCC; 22 vCC
39 431w 449 440 12.62 22736 71 yCCC; 16 yCH
40 431 422 0.75  4.8369 78 BCCH3+BCNH,; 20 BCCC
41 294 m 304 298 14.48 15.049 82 BNHy(twist.); 11 BCCC
42 234 m 289 284 493  30.031 87 BCCH3+BNH, (twist.)
43 218 m 223 219 2.97 56.012 88 yCCC + yNH, (twist.)
44 204 200 6.29 81.13 53 yCCHg; 31 yCCC; 16 yCNH,
45 27 26 0.1 1981 99 yCHs (torsion)

*Experimental data is taken from Ref. [145].
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4.3.2 Vibrational Frequencies of the Metal Bromide Complexes of P-toluidine

In this section vibrations and corresponding band assignments of Mn, Co, Ni, Cu,
Zn, Cd and Hg bromide complexes of p-toluidine are provided. Theoretical vibrational
spectra of the title compounds with respect to infrared and Raman intensities are given
in Figures 4.12 and 4.13, whereas experimental and theoretical vibrational frequencies
with the PED analysis of each complex are given in Tables 4.8-4.14. In order to
investigate vibrational assignments deeply, we will analyze following three spectral
regions: 3500-2700 cm™, 1700-600 cm™, and below 600 cm™.

4.3.2.1 3500-2700 cm™ Region

Characteristic vibrations of this region are N-H stretching vibrations of amino
group and C-H stretching vibrations of methyl group and benzene ring. PED (%)
contributions of these vibrations are above 85% for all the complexes. As an evidence
of complex formation between metal (I11) bromide and the ligand (p-toluidine), some
modes originating from ligand show substantial shifts in the spectra of complexes.
Amino group frequencies of the p-toluidine are generally more affected from the
coordination, which shows the complex formation occurs via nitrogen atom of the free
ligand [17-26]. The N-H bond strength weakens upon coordination and the vNH
asymmetric and symmetric stretching bands shift to lower frequencies because of
complexation by 123 and 95 cm™ for MnBra(p-tol),, 140 and 107 cm™ for CoBr,(p-
tol),, and 85 and 93 cm™ for NiBr,(p-tol),, 130 and 107 cm™ for CuBr,(p-tol),, 130 and
97 cm™ for ZnBr,(p-tol),, 115 and 82 cm™ for CdBr,(p-tol),, and 116 and 90 cm™ for
HgBr,(p-tol),, respectively.

C-H stretching vibrations in the aromatic benzene rings generally occur in the
~3100-3000 cm™ region [150-153]. Confirming this information in our compounds
these vibrations are between 3056-3000 cm™ in both p-toluidine and its related
complexes. In line with the previous experimental and theoretical studies
[22,25,26,144], in this study C-H stretching vibrations of methyl group are observed
between 2912-2737 cm™ in p-toluidine, and these vibrations are also observed in the
2921-2730 cm™ region in the complexes, being parallel with the free ligand. Therefore,
we can say that C-H stretching vibrations of the benzene rings and methyl groups are
not affected or affected very little due to the complexation.
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4.3.2.2 1700-600 cm™ Region

As mentioned above, since the complex formation occurs via nitrogen atom of the
free ligand, in this spectral region remarkable changes are observed in the NH,
scissoring, rocking, wagging and twisting modes. For example NH, scissoring modes of
free p-toluidine generally shift to lower frequencies in complexes, whereas wagging and
twisting modes shift to quite higher frequencies as in the literature [18-26]. The average
downward shift in NH; scissoring modes of complexes with respect to free p-toluidine
is 27 cm™. According to our PED (%) analysis, NH, wagging and twisting modes were
not observed in the experimental data of p-toluidine [144], but these modes and
dramatic shifts related to these modes are observed easily in the computations. DFT
calculations predict wagging mode at 577 cm™ (scaled def2-TZVP) in free p-toluidine,
whereas this mode is found at 792 cm™ for Mn, 1045 cm™for Co, 909 cm™for Ni, 995
cm™*for Cu, 1029 cm™ for Zn, 968 cm™ for Cd and 868 cm™ for Hg complexes.
According to Akyiiz and Davies [18] hybridization effects on nitrogen atom may cause
this shift upon coordination. As seen from the wavenumbers, the place of this mode is
also changed with respect to the metal atom of the complexes. Similarly, twisting mode
is determined at 272 cm™ for p-toluidine, and it is also found to be in higher
wavenumbers in the Mn, Co, Ni, Cu, Zn, Cd, and Hg complexes respectively at 548
cm™?, 589 cm™, 640 cm™, 626 cm™, 577 cm™, 529 cm™, and 474 cm™.

Consistent with the present calculations and previous assignments on p-toluidine
and other related molecules [144, 151,154], the band observed at 1267 cm™ (IR) / 1271
cm* (Ra) is vCN stretching for free p-toluidine. However this mode is also affected by
complexation and has been observed in lower frequencies in the complexes. For
instance for the Mn complex it is observed at 1243 cm™ (IR) / 1237 cm™* (Ra), for the
Ni complex 1250 cm™ (IR) /1242 cm™ (Ra), and for the Cd complex 1237 cm™ (IR) /
1236 cm* (Ra).

In the literature in plane and out of plane C-H vibrations are found approximately
between 1440 - 1066 cm™ and 1013-717 cm™ regions [155-158]. In our PED(%)
calculations in plane C-H vibrations found generally coupled with C-C ring stretchings
and C-N stretching vibrations, as in the literature and found in the ~1500-1100 cm™
range for our all compounds, and mostly are not affected from complexation except

NH, bending vibrations also contributed these modes. Out of plane C-H vibrations are
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also found in mentioned range as 950-800 cm™ with strong PEDs. In a similar manner,
methyl group e.g. PCHs vibrations are found at ~1385 cm™ (theoretical) both for free
ligand and its related complexes.

4.3.2.3 Below 600 cm™

Although significant bands of this region are metal-ligand and metal-halogen
stretching vibrations in transition metal complexes [52,60,61,63,66,67], some ligand
vibrations such as, in/out of plane CCC, CNH; or CCH3; bending and CHj torsion

vibrations are also observed.

The metal-ligand bands that appear in the far IR region are characteristics of the
local structure around metal ions [18-26]. In the experimental only study performed by
Golciik et al. [26], these bands were assigned between 360-400 cm* for the Zn, Cd, and
Hg bromide complexes of p-toluidine, whereas in our study, these vibrations found in
lower wavenumbers. The v(M—N) stretching vibrations appear at 217 cm™ (medium IR)
/ 220 cm™ (weak Raman) for the Mn complex, at 247 cm™ (strong IR) for the Co
complex, at 273 cm™* (medium IR) / 155 cm™ (medium Raman) for the Ni complex, at
207 cm* (medium IR) for the Cu complex, at 228 cm ™ (medium IR) for the Zn
complex, at 139 cm* (medium Raman) for the Cd complex, and at 196 cm* (medium

Raman) for the Hg complex.

The v(M-Br) stretching vibrations appear at 255 cm™* (strong IR) for the Mn
complex, at 217 cm™* (weak IR) / 213 cm ™ (strong Raman) and at 208 cm ™ (strong IR)
/ 211 cm™ (very strong Raman) for the Co complex, at 136 cm™ (medium Raman) for
the Ni complex, at 221 cm ™ (medium IR ) / 222 cm ™ (very weak Raman) for the Cu
complex, at 246 cm* (strong IR) and at 207 cm™* (strong IR) / 204 cm™ (strong Raman)
for the Zn complex, at 245 cm™ (strong IR) / 246 cm™* (strong Raman) for the Cd
complex, and finally at 241 cm™ (medium IR) for the Hg complex. Generally
wavenumbers below 100 cm™ are not observed in the experimental-only studies, but
present computations predict these wavenumbers mostly as torsional TCNMN or out of

plane ligand-metal-ligand bending vibrations.



Table 4.8 Experimental and calculated vibrational frequencies (in cm™) of free p-toluidine and MnBr,(p-tol)s.

p-toluidine MnBr,(p-tol),

Exp* B3LYP/def2-TZVP Exp** B3LYP/def2-TZVP
No IR Ra Calc.  Scaled IR Ra Calc. Scaled Calc. Scaled PED (%) Assignments
1 34165 3418 w 3647 3470 3293 s 3560 3387 3559 3386 99/100 vNH, (asym.)
2 3333s 3337w 3552 3379 3238 vs 3244 s 3468 3299 3467 3299 98 uNH,
3 3056w 3054 s 3171 3017 3054 vw 3054 s 3179 3025 3179 3025 78/82vCH
4 3020m,sh 3032s 3168 3014 3031m  3030s 3177 3023 3177 3023 85/84vCH (asym.)
5 3008m  3013s 3152 2999 3011s 3151 2998 3151 2998 82/87 vCH
6 3152 2999 3149 2996 3149 2996 91 vCH
7 2912m  2917s 3097 2946 2920m 2916 m 3086 2936 3086 2936 93/98 vwCHj (asym.)
8 2859m  2861m 3070 2921 2868w 2863 m 3059 2910 3059 2910 96/93 vCHj; (asym.)
9 2737w 2738 w 3019 2872 2731 vw 3012 2866 3012 2866 98/96 vCHj
10 1621 vs 1617 s 1667 1629 1596 s 1659 1621 1659 1621  50/39 BNH; (sciss.); 41/49 vCC
11 1654 1616 1619s 1621s 1667 1629 1666 1628 55/57 BNH, (sciss.); 29 vCC
12 1582s,sh 1581 m 1621 1584 1573s 1575 m,sh 1625 1588 1624 1587 61/59 vCC; 12 BCH; 10/11 BNH, (rock.); 10 BCCH3
13 1514 vs 1555 1519 1518 vs 1519 m 1556 1520 1556 1520 56/57 BCH; 12/0 vCC; 14/17 BCCC
14 1501 1467 1502 1468 1502 1468 64 BCHs; 15 BCH
15 1488 1454 1458 w 1451w 1487 1453 1487 1453  72/73 BCHs; 22 BCH
16 1441s 1463 1429 1440 w,br 1465 1431 1465 1431 25/40 vCC; 27/20 pCH
17 1380 m 1417 1385 1374 w 1380s 1411 1379 1411 1379 93/92 BCH3
18 1324 m 1324 w 1359 1328 1317 m 1324 m 1362 1331 1362 1331 63/60 BCH; 12 vCC
19 1281 m 1333 1302 1294m 1295w 1336 1305 1336 1305 56/43 vCC; 13/19 BCH
20 1267 vs 1271 m 1301 1271 1243 vs 1237 m 1290 1260 1289 1259  52/56 vCN; 17 BCH
21 1218 m 1235 1207 1216 1234 1206 1234 1206 66/64 vCC; 10/0 BCH
22 1176s 1179 m 1207 1179 1205 m 1204 s 1206 1178 1206 1178 66/75 BCH; 17 vCC
23 1120s 1153 1127 1160 m 1183s 1159 1132 1157 1131  48/49 BCH; 25/24 BNHy(rock.); 11/15 vCC
24 1074 m 1092 1067 1100 s,sh 1115 1089 1114 1088  26/30 BNH; (rock.); 17 vCC; 11/15 BCH; 10/11 BCCC
25 1044 m 1064 1040 1065 vs 1065 s 1060 1036 1060 1036 61 yCCHs; 18 yCH
26 983w 1034 1010 998 m 1016 1038 1014 1038 1014 84 pCCC
27 953w 1002 979 956 w 950 vw 1002 979 1002 979 62/63 BCCHjs; 16/18 BCH3
28 933 912 937 916 936 915 86/84 yCH

99



Table 4.8 cont.

p-toluidine

MnBr,(p-tol),

Exp* B3LYP/def2-TZVVP Exp** B3LYP/def2-TZVP
No IR Ra Calc.  Scaled IR Ra Calc. Scaled Calc. Scaled PED (%) Assignments
29 931w 931 910 936 w 931 910 931 910 90/91 yCH
30 844 s 854 834 836 m 837s 867 847 864 844 69/65 vCC+uCN; 30 BCCC
31 812vs 830 811 812 vs 806 vs 843 824 841 822 70 yCH; 30 yCNH,+ yCHj3
32 821 802 833 814 833 814 82/86 yCH
33 720 m 752 735 739s 743w 746 729 744 727 41/38 vCN; 18/23 BCCC; 25/27 vCC
34 724 707 702s 702 vw 720 704 720 704 61/60 yCCC; 39 yCH
35 645 s 661 646 661s 660 s 663 648 663 648 72/75 BCCC; 13 BCNH,
36 591 577 811 792 805 787 48/47yNH, (wag.); 45/47yCH
37 504 vs 510 498 510 vs 521w 526 514 526 514 71/63 yCCC; 25/30yNH, (wag.)
38 470 466 s 470 459 466 s 474 s 476 465 476 465 63/55 vCC+uCN; 26/31 BCCC
39 409 w 420 410 406 m 405 m 420 410 420 410 81/82 yCCC
40 410 401 361m 365 400 391 399 390 80/83 BCCH3+BCNHS,; 18/14 BCCC
41 335m 323 316 300s 307s 351 343 350 342 40/20yCCC; 30/41yCCHs; 30/39yCNH,
42 300 293 278 w 260 m 301 294 300 293 84/82 BCCH3+BCNH,
43 278 272 566 s 556 m 561 548 552 539 84/80 yNH, (twist.)
255s 234 229 80 vMBr; 18 yCCH;3
217 m 220 w 208 203 78 YMN; 20/16 yCCHj3
44 121 vs 140 137 197 192 194 190 75/68 yCNH, + yCCHg; 15/27 yYNMBr
139 136 81 vMBr; 18 yCCH;3
117 114 82 vMN
93 91 93 91 87/89 tTCNMN
90 88 81 79 79/81 yYNMBr; 15 yCCH,
75 73 47 yNMB; 24 yCCHg; 20 tCNMN
67 65 70 yYNMBr; 20 vMBr
43 42 42 41 65/58 yNMBr; 25/31 yBrMBr
36 35 33 32 63/62 tCCNM,; 24 tCCCN
45 20 20 29 28 16 16 92 yCHj (torsion)
26 25 14 14 81/65 tTCNMN; 0/35 yCHj (torsion)
20 20 13 13 90 tCNMN

*Experimental data is taken from Ref. [144], **Experimental data is taken from Ref. [159].
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Table 4.9 Experimental and calculated vibrational frequencies (in cm™) of free p-toluidine and CoBr,(p-tol)..

p-toluidine

CoBr,(p-tol),

Exp.* B3LYP/def2-TZVP Exp.** B3LYP/def2-TZVP
No IR Ra Calc. Scaled IR Ra Calc. Scaled Calc. Scaled PED (%) Assignments
1 34165 3418 w 3647 3470 3276's 3548 3376 3540 3368 100 uNH, (asym.)
2 3333s 3337w 3552 3379 3226 vs 3227 m 3468 3299 3468 3299 100 vNH,
3 3056w 3054 s 3171 3017 3054 vw  3057s 3187 3032 3185 3030 91/88 vCH
4 3020 m,sh 3032s 3168 3014 3031 m 3032 m 3182 3027 3179 3025 96/95vCH (asym.)
5 3008 m 3013s 3152 2999 3012 m 3169 3015 3168 3014 93/92 vCH
6 3152 2999 3165 3011 3165 3011 93/94 vCH
7 2912m 2917 s 3097 2946 2925 m 2924 s 3107 2956 3107 2956  98/97 vCHjs (asym.)
8 2859m 2861m 3070 2921 2864 vw 2860 w 3081 2931 3080 2930 98/99 vCHj; (asym.)
9 2737w 2738 w 3019 2872 2722 w 3029 2882 3028 2881 95/99 vCHjz
10 1621vs 1617s 1667 1629 1595 m 1650 1612 1638 1600  77/45 BPNH, (sciss.); 17/24 BCNH,
11 1654 1616 1612w,sh 1612s 1659 1621 1659 1621 54/61 vCC; 26/22 BNH; (sciss.); 25 BCH
12 1582ssh 1581 m 1621 1584 1578 vs 1576 w 1636 1599 1630 1593 36/38 vCC; 25/22 BCH; 30/28 BCCC
13 1514 vs 1555 1519 1512 vs 1553 1517 1552 1516  58/52 BCH; 25/20 vCC; 12 BNH,
14 1501 1467 1501 1467 1500 1466 56/57 BCHa; 18/12 BCH; 11/15 vCC
15 1488 1454 1455 w 1489 1455 1489 1455 65/66 BCHj; 19/20 BCH
16 1441s 1463 1429 1430 vw 1463 1429 1462 1429 24/29 vCC; 26 BCH; 22/19 BCHs; 20/21 BCNH,
17 1380 m 1417 1385 1380vw 1379 m 1418 1386 1418 1386 89/93 BCHj3
18 1324m 1324 w 1359 1328 1327vw 1366 1335 1364 1333  42/48 BCH; 32 BNH,; 20/16 vCC
19 1281'm 1333 1302 1292vw 1337 1306 1334 1303 47/50vCC; 19/11 BCH; 11/14 BCCC
20 1267 vs 1271m 1301 1271 1238 m 1257 1228 1243 1215 61/58 vCC+CN; 22 BCH
21 1218 m 1235 1207 1222s 1215 1233 1205 1233 1205 60/51 vCC; 10 BCH; 15 vCN
22 11765 1179 m 1207 1179 1217w 1211 1183 1210 1182  74/72 BCH; 20/22 vCC
23 1120s 1153 1127 1181'm 1167 1140 1161 1134  34/47 BCH; 36/30 BNH; (rock.); 21/16 vCC
24 1074 m 1092 1067 1130 1104 1124 1098  46/45 PNH; (rock.); 27/18 BCH; 17/20 vCC
25 1044 m 1064 1040 1066 1042 1064 1040 51/37 yCCHs; 15/12 yCHg; 0/21yCH
26 983w 1034 1010 1040 1016 1039 1015 55/62 BCCC; 12 BCH
27 953w 1002 979 960vw,sh 1008 985 1006 983 52/46 BCCHg; 17/23 BCH3
28 933 912 967 945 847 828 84 yCH
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Table 4.9 cont.

p-toluidine CoBr,(p-tol),
Exp.* B3LYP /def2-TZVP Exp.** B3LYP/def2-TZVP
No IR Ra Calc. Scaled IR Ra Calc. Scaled Calc. Scaled PED (%) Assignments
29 931w 931 910 932 vw 953 931 953 931 73/70 yCH; 20 yCCHjs
30 844 s 854 834 841s 837s 846 827 845 826 71/75 vCC+CN; 11 BCCC
31 812vs 830 811 810vs 813s 836 817 826 807 69/56 yCH; 14 yCCHg; 6/7 yCNH,
32 821 802 806vs 809m 835 816 944 922 76/79yCH; 21 yCCC
33 720 m 752 735 741s 739w 746 729 742 725 35/37 BCCC; 25 vCC; 34/38 vCN
34 724 707 707m 705w 728 711 722 705 44/42 yCCC; 30/31 yCNHy; 26 yCCHg
35 645 s 661 646 649 s 645 m 661 646 661 646 69/72 BCCC; 18/16 PNH,
36 591 577 1070vs 1080vs 1069 1045 997 974 54 yNH; (wag.); 20 yCH; 18 yCCC
37 504 vs 510 498 507s  524m 533 521 528 516 67/70 yCCC+yCNH,; 30 yCH
38 470 466 s 470 459 472m  472vs 480 469 478 467 57/52 BCCC; 21 vCN; 20 vCC
39 409 w 420 410 420s 421m 420 410 419 409 87/88 yCCC
40 410 401 394m 39w 394 385 386 377 82/75 BCNH, + BCCH3; 17/23 BCCC
41 335m 323 316 303s 299 vs 400 391 386 377 29/30 yCNHy; 19/20 yCCHg; 25/20 yCCC; 13/10 vMN
42 300 293 277 vw 299 292 292 285 75/78 BCNH, + BCCHgz; 11 vMBr
43 278 272 634s  635m 603 589 580 567 87/89 yNH, (twist.)
247s 282 276 272 266 67/60 vMN; 17/15yCCHj3
217w 213s 217 271 78 vMBr; 12 BCCC
208 s 211 vs 201 196 85 vMBr; 12 yCCH;
44 121 vs 140 137 149 146 40 yCNH,; 38 yCCHg; 15 yYNMN
127 124 88 86 55/57 yNMBr; 20yCNH,; 17/15 yCCH,
83 81 80 78 40 TCNMN; 51/32 yNMBr
65 64 75 1ICNMN
48 47 52 yBrMBr; 39 yYNMBr
42 41 52 tCCNM; 39 yYNMBr
37 36 37 36 84/75 tCCNM
45 20 20 31 30 80 yCHj3 (torsion)
18 18 15 15 81/84 tTCNMN
11 11 87 TCNMN

*Experimental data is taken from Ref. [144], **Experimental data is taken from Ref. [159].
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Table 4.10 Experimental and calculated vibrational frequencies (in cm™) of free p-toluidine and NiBr,(p-tol),.

p-toluidine

NiBr,(p-tol),

Exp.* B3LYP/def2-TZVP Exp.** B3LYP/def2-TZVP

IR Ra Calc. Scaled IR Ra Calc. Scaled Calc. Scaled PED (%) Assignments
1 34165 3418w 3647 3470 331lm 3312s 3472 3303 3471 3302 95/96 vNH, (asym.)
2  3333s 3337w 3552 3379 3240s 3232 vs 3386 3221 3384 3220 95 uNH,
3 3056w  3054s 3171 3017 3065 vw 3057 vs 3192 3037 3192 3037 91/90 vCH
4 3020m 3032s 3168 3014 3032w 3038 s,sh 3190 3035 3190 3035 95/88 vCH
5 3008 m 3013s 3152 2999 3008 w 3014 s 3138 2985 3138 2985 90/89 vCH (asym.)
6 3152 2999 3136 2984 3136 2984 87/86 vCH
7 2912 m 2917s 3097 2946 2911 m 2915 vs 3068 2919 3068 2919  95/96 vCHj; (asym.)
8 2859 m 2861m 3070 2921 2857 m 2864 vs 3041 2893 3041 2893 91/89 vCH; (asym.)
9 2737w 2738w 3019 2872 2721w 2735w 2997 2851 2997 2851 87 vCHj
10 1621 vs 1617s 1667 1629 1569 vs 1654 1616 1653 1615 31/46 BNH, (sciss.); 38/21 vCC; 13 BCH
11 1654 1616 1615s 1616 vs 1660 1622 1659 1621  57/38 PNH, (sciss.); 30/39 vCC; 11 BCH
12 1582s 1581 m 1621 1584 1620 1583 1619 1582  54/51 vCC; 22/19 BCH; 13/12 BCNH2
13 1514 vs 1555 1519 1516 vs 1518 w 1556 1520 1555 1519  54/56 BCH; 15 vCC; 10 vCC+uCN; 10 BCCC
14 1501 1467 1501 1467 1501 1467 64/63 BCHs; 15/16 BCH
15 1488 1454 1451m,br 1449 w 1484 1450 1484 1450 73 BCHs; 14 pCH
16 1441s 1463 1429 1464 1430 1464 1430 38/32vCC; 25/24 BCH; 10 BCNH,
17 1380 m 1417 1385 1379w 1377 m 1403 1371 1403 1371  89/90 BCHjz
18 1324 m 1324 w 1359 1328 1326 vw 1327 w 1360 1329 1360 1329  54/59 BCH; 18/15vCC; 19/17 BCNH,
19 1281 m 1333 1302 1296 w 1293 w 1339 1308 1339 1308 53/56 vCC; 29/24 BCH; 17/16 BCNH,
20 1267 vs 1271 m 1301 1271 1250 s 1242 s 1294 1264 1292 1262 57/60 vCC+uCN; 39/36 BCH
21 1218 m 1235 1207 1235s 1222 vs 1232 1204 1232 1204 63/62 vCC; 17 BCH
22 1176 1179 m 1207 1179 1207 w,sh 1207 vs 1206 1178 1206 1178  74/75 BCH; 17 vCC
23 1120s 1153 1127 1180 m 1179s 1158 1131 1157 1131  57/65 BCH; 20 BNH; (rock.); 13/12 vCC
24 1074 m 1092 1067 1116 w,sh 1123w 1112 1087 1110 1085 45/54 BNH; (rock.); 25/21 BCH; 20 BCCC
25 1044 m 1064 1040 1062 vs 1070 w 1055 1031 1055 1031 65/64 yCCHg; 20 yCCC; 15/14 yCH
26 983w 1034 1010 1038 1046 vs 1039 1015 1039 1015 51/54 BCCC; 30/26 BCH; 18 BCCH3
27 953w 1002 979 998's 1000 s 998 975 998 975 48/47 BCCHgz; 22 BCCC; 30 BCNH,
28 933 912 920 899 920 899 77/78 yCH; 12/14 yCCC
29 931w 931 910 930 vw 916 895 912 891 47/38 yCH; 35 yCCC; 12/10 yCNH,
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Table 4.10 cont.

p-toluidine NiBr,(p-tol),
Exp.* B3LYP/def2-TZVP Exp.** B3LYP/def2-TZVP
IR Ra Calc. Scaled IR Ra Calc. Scaled Calc. Scaled PED (%) Assignments
30 844 s 854 834 835m 830 vs 850 831 850 831 63/58 vCC+vCN; 13 BCCC
31 812vs 830 811 810 vs 810m 832 813 830 811 59/62 yCH; 28/25 yCCC; 10 yCNH,
32 821 802 822 803 822 803 83/84 yCH
33 720 m 752 735 733s 742'm 749 732 748 731 40/46 vCC+ vCN; 15/12 BCCC
34 724 707 705s 709 vw 710 694 710 694 31/15 yCCC; 16/35 yCCHg; 17/15 yCNH,
35 645s 661 646 647 s 650 vw 677 661 667 652 47/56 BCCC; 39/30 BCNH,
36 591 577 938s 930 909 928 907 40/45 yNHy(wag.); 32/30 yCCHg; 25 yCCC
37 504 vs 510 498 523 vs 518 vw 534 522 532 520 41/40 yCH; 33/31 yCCC; 11/14 yCNH,
38 470 466 s 470 459 476 m 476 m 484 473 482 471 54/60 vCC+ vCN; 22/18 BCCC
39 409 w 420 410 412 m 410 m 422 412 422 412 81/84 yCCC
40 410 401 386m 386m 406 397 406 397 74/77 BCCH3+ BCNHjy; 22 BCCC
41 335m 323 316 308s 315w 3719 371 369 361 33 yCCHg; 24/16 yCNH,; 16/20 yCCC; 17/12 v MN
42 300 293 297s 285 vs 304 297 304 297 82/87 BCCH35+BCNH, (twist.)
43 278 272 607 vs 610 m 655 640 647 632 94/90 yNH, (twist.)
273 m,sh 257 252 72 vMN; 22 yCCH3
44 121 vs 140 137 234 m 235 230 42 yCNH_; 40 yCCHg; 11 vMN
155 m 168 164 67 YMN; 10 yCNH,; 10 yCCHj,4
136 m 129 126 78 wMBr; 22 yCCHj
127 124 123 120 61/59 vMBr; 29/32 yYNMBr
117 114 42 yNMBr; 30 YNMN
115 112 108 106 73/75 tCNMN; 25 yYNMBr
92 90 90 88 45/50 TCNMN; 21/25 yCCHjg; 24/19 yCNH,
78 76 72 70 63/66 TCNMN; 24/36 YNMBr
69 67 55 yNMBr; 30 vMN
62 61 57 56 40/70 vMBr; 40/30 BNMBr
45 20 20 47 46 45 44 95/90 yCHj (torsion)
44 43 57 tCCNM; 36 yCCHj,4
41 40 70 tCCNM; 22 yNMBr
40 39 3% 34 61/65 yNMBr; 27/30 tTCNMN
23 22 20 20 87/80 TCNMN
15 15 92 tCNMN

*Experimental data is taken from Ref. [144],

**Experimental data is taken from Ref. [159].
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Table 4.11 Experimental and calculated vibrational frequencies (in cm™) of free p-toluidine and CuBr(p-tol),.

p-toluidine CuBr,(p-tol),

Exp.* B3LYP/def2-TZVP Exp.** B3LYP/def2-TZVP
No IR Ra Calc. Scaled IR Ra Calc. Scaled Calc. Scaled PED (%) Assignments
1 34165 3418 w 3647 3470 3286s 3553 3380 3553 3380 100 vNH, (asym.)
2 3333s 3337w 3552 3379 3226's 3468 3299 3468 3299 100 vNH,
3 3056w 3054 s 3171 3017 3056w 3053w 3194 3039 3194 3039 96vCH
4 3020m,sh 3032s 3168 3014 3193 3038 3193 3038 99vCH (asym.)
5 3008m 3013s 3152 2999 3169 3015 3169 3015 99/98 vCH
6 3152 2999 3006 w 3169 3015 3169 3015 98 vCH
7 2912m 2917 s 3097 2946 2916 m 2916w 3107 2956 3107 2956 97 vCHj (asym.)
8 2859m 2861m 3070 2921 2857w 3079 2929 3079 2929 96/98 vCH; (asym.)
9 2737w 2738w 3019 2872 3026 2879 3026 2879  98/96 vCHj
10 1621vs 1617 s 1667 1629 1592s 1597 m 1634 1597 1632 1595  80/82 BNH, (sciss.)
11 1654 1616 1656 1618 1655 1617  41/55vCC;23 BCH; 20/18 BCCC
12 1582s,sh 1581 m 1621 1584 1562s 1577w 1632 1595 1632 1595  42/44 vCC;20 BCNHy; 17/15 CCHg; 12 BCH
13 1514 vs 1555 1519 1508s  1519w,sh 1552 1516 1551 1515 59/57 BCH; 16 vCC; 20/21 BCCC
14 1501 1467 1500 1466 1500 1466 62 BCHs; 24/22 BCH
15 1488 1454 1445 m 1489 1455 1489 1455 75 BCHg; 21 BCCH;
16 1441s 1463 1429 1440 w 1464 1430 1464 1430 41 vCC; 32 BCH; 12/14 BCHj; 12/13 PNH,
17 1380 m 1417 1385 1347w 1355w 1417 1385 1417 1385 94 BCHj3
18 1324 m 1324 w 1359 1328 1322 w 1368 1337 1368 1337  64/60 BCH; 22/24 BNH,; 12 vCC
19 1281 m 1333 1302 1338 1307 1337 1306  48/50 vCC; 20 BCH; 14/12 BNHy; 16/15 BCCHj
20 1267 vs 1271 m 1301 1271 1238w 1239w 1242 1214 1242 1214 42 vCN; 36/33 vCC; 20 BCH
21 1218 m 1235 1207 1216 m 1216w 1234 1206 1234 1206 56/54 vCC; 24 BCH; 16/18 vCN
22 1176s 1179 m 1207 1179 1211 1183 1211 1183 78 BCH; 16 vCC
23 1120s 1153 1127 1144w 1145m 1168 1141 1167 1140 44 BCH; 30/26 BCNH,; 15 vCC
24 1074 m 1092 1067 1094 vs 1093 m 1132 1106 1131 1105 38/40 PNH,(rock.); 18/16 vCC; 18 BCH; 12BCCC
25 1044 m 1064 1040 1041w 1066 1042 1065 1041  76/78 yCCHg; 17 yCH
26 983w 1034 1010 1042 1018 1042 1018 72 BCCC;22/24 BCH
27 953w 1002 979 1008 985 1008 985 56 BCCHg; 20 BCHg; 16 BCH
28 933 912 965 943 964 942 82 yCH; 12/10 yCCC
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Table 4.11 cont.

p-toluidine CuBr,(p-tol),
Exp.* B3LYP/def2-TZVP Exp.** B3LYP/def2-TZVP
No IR Ra Calc. Scaled IR Ra Calc. Scaled Calc. Scaled PED (%) Assignments
29 931w 931 910 934 w 956 934 956 934 74 yCH; 13/12 yCNH,; 12/11 yCCHg
30 844 s 854 834 877w 845 826 843 824 68 vCC+uCN; 32 BCCC
31 812vs 830 811 812 vs 834 815 833 814 68 yCH; 22 yCNH,+ yCHj3
32 821 802 844 825 843 824 86 yCH
33 720 m 752 735 738 m 739 w,sh 744 727 740 723 38/36 vCN; 33 BCCC; 25/27 vCC
34 724 707 726 709 726 709 66 yCCC; 26 yCCH,3
35 645s 661 646 669 654 665 650 40 BCCC; 45/46 BCNH,
36 591 577 1018 995 1017 994 84 yNH, (wag.)
37 504 vs 510 498 537w 535 523 532 520 80/82 yCCC+yCNHj, (wag.)
38 470 466 s 470 459 487m 480 vw 478 467 472 461 56/58 vCN+vCC; 39/36 BCCC
39 409 w 420 410 443 m 420 410 420 410 78 yCCC; 20 yCH
40 410 401 383m 382 vw 394 385 390 381 76 BCCH3+BCNHy; 22/20 BCCC
41 335m 323 316 332s 407 398 386 377 66 yCCH3+yCNH,; 30/31 yCCC
42 300 293 297s 296 m 304 297 298 291 82 BCCH3+BCNH,
43 278 272 635m 633 w,sh 641 626 622 608 87/88 yNH, (twist.)
44 121 vs 140 137 244 m 251 vw 286 279 259 253 74/80 yCCH3+yCNH,; 10/0 v MN
221m 222 vw 246 240 78 vMBr; 20 BCNH,
207 m 170 166 76 YMN; 26 yCCH3+yCNH,
144 141 80 vMBr; 18 yCCH3+yCNH,
130 127 120 117 80/76 TCNMN
118 115 107 105 58 yYNMBTr; 20 vMN; 18 yCNH,+yCCHj
106 104 60 YNMN; 25 tCCNM,; 15 yCCH;,
65 64 51 50 42/44 tCCCN; 26/20 tTCCNM; 24/14 yNMBr
47 46 46 45 80/66 tCNMN; 16/30 YNMBr
45 20 20 20 20 15 15 94/88 yCHj (torsion)
18 18 16 16 64/66 TCNMN; 24/18 yCCHj3
4 4 70 TCNMN; 24 yNMN

*Experimental data is taken from Ref. [144], **Experimental data is taken from Ref. [25].
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Table 4.12 Experimental and calculated vibrational frequencies (in cm™) of free p-toluidine and ZnBr,(p-tol),.

p-toluidine ZnBr,(p-tol),
Exp.* B3LYP/def2-TZVP Exp.** B3LYP/def2-TZVP

No IR Ra Calc.  Scaled IR Ra Calc. Scaled Calc. Scaled PED (%) Assignments
1 3416s 3418w 3647 3470 3286 s 3286 w 3566 3393 3549 3377 100 vNH, (asym.)
2 3333s 3337w 3552 3379 3236vs  3237s 3482 3313 3476 3307 100 uNH,
3 3056w 3054s 3171 3017 3056 vw  3057s 3186 3031 3181 3027 87/99 vCH
4 3020m,sh 3032s 3168 3014 3034 w 30355 3183 3029 3179 3024 89/99 vCH (asym.)
5 3008 m 3013s 3152 2999 3014 w 3011s 3168 3014 3165 3011 88/98 vCH
6 3152 2999 3167 3013 3164 3011 91/98 vCH
7 2912m 2917s 3097 2946 2920 m 2924 s 3108 2956 3106 2955 98/92 vwCHj (asym.)
8 2859 m 2861m 3070 2921 2862 w 2862 m 3081 2931 3080 2930 98/92 vCHj; (asym.)
9 2737w 2738w 3019 2872 2733vw 2734w 3029 2881 3029 2881 87/91 vCHj
10 1621vs 1617s 1667 1629 1596 s 1654 1616 1636 1598  67/73 BNH; (sciss.); 14/17 BCNHy; 10 vCC
11 1654 1616 1615 s 1661 1623 1660 1622  55/53 vCC; 21/20 BCH; 17/11 BNH,
12 1582s,sh 1581 m 1621 1584 1577 s 1577 m,sh 1636 1599 1630 1593  48/52 vCC; 23 BCCC; 15/12 BCH; 17/15 BNH,
13 1514 vs 1555 1519 1513 vs 1511 vw 1554 1518 1553 1518 60/58 BCH; 17 BCCC; 16/18 vCC
14 1501 1467 1501 1467 1500 1466 56 BCHs; 17/14 BCCHg; 10 CH
15 1488 1454 1461w 1490 1456 1489 1455  79/70 BCHs; 18 BCCH;,
16 1441s 1463 1429 1443 w 1463 1430 1462 1428 33/39 vCC; 27/25 BCH; 15 BCHg; 14/11 BNH,
17 1380 m 1417 1385 1379 vw 1380 m 1420 1388 1418 1386 95/91 BCHj3
18 1324m 1324w 1359 1328 1327 vw 1327 m 1365 1334 1365 1333 61/60 BCH; 17 BNH,; 12 vCC
19 1281 m 1333 1302 1296 vw 1296 vw 1337 1306 1334 1304 54/59 vCC; 15/18 BNHy; 12/11 BCH
20 1267 vs 1271 m 1301 1271 1236 w,sh 1263 1234 1246 1217 45/41 vCN; 21 vCC; 23/21 BCH
21 1218 m 1235 1207 1221m 1212vs 1234 1206 1234 1205 63/67 vCC; 27/21 BCH
22 1176s 1179 m 1207 1179 1182 vw 1183 m 1211 1184 1210 1183 74 BCH; 16/20 vCC
23 1120s 1153 1127 1120 m,sh 1131 vw 1161 1135 1161 1134 45 BCH; 25/23 BNH; (rock.); 11/15 vCC
24 1074 m 1092 1067 1072 vs 1081 s 1126 1101 1122 1096  40/42 BNH; (rock.); 12/17 vCC; 17/14 BCH; 14 BCH3
25 1044 m 1064 1040 1067 s 1067 1042 1067 1042  75/69 yCCHs; 17/13 yCH
26 983w 1034 1010 1040 1016 1038 1014 70/60 BCCC; 15/20 BCH
27 953w 1002 979 956 w 939 vw 1008 985 1008 985 52/54 BCCHs; 17/22 BCH3; 15/10 BCH; 10 BCNH,
28 933 912 969 947 951 929 76/83 yCH; 21/12 yCCC
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Table 4.12 cont.

p-toluidine ZnBr,(p-tol),
Exp.* B3LYP/def2-TZVP Exp.** B3LYP/def2-TZVP
No IR Ra Calc.  Scaled IR Ra Calc. Scaled Calc. Scaled PED (%) Assignments
29 931w 931 910 944 922 942 920 72/69 yCH; 20 yCNH,
30 844s 854 834 836's 846 827 845 826 64/58 vCC+uCN; 23/30 BCCC
31 812vs 830 811 812 vs 816 s 847 828 833 814 69/57 yCH; 15/18 yCNH2
32 821 802 833 814 826 807 89/80 yCH
33 720 m 752 735 735m 738 w 745 728 743 726 36/37 vCC; 30/27 vCN; 18/29 BCCC
34 724 707 704 m 705 vw 727 710 724 708 64/72 yCCC; 16 yCNH,; 11 yCH
35 645s 661 646 661s 647 s 661 646 661 646 76/70 BCCC; 10/11 BCNH, (wag.)
36 591 577 1053 1029 967 945 77/67 yNH, (wag.); 10/19 yCCC
37 504 vs 510 498 522 vs 521w 532 520 527 515 77/82 yCCC+yNH, (wag.)
38 470 466s 470 459 473 w 472 s 478 467 474 463 48/49 BCCC; 42/44 vCN+uCC
39 409w 420 410 401 m 407 421 411 419 409 76/75 yCCC; 18/14 yCH
40 410 401 360 m 364 397 388 384 375 71/68 BCCH3+BCNH,; 25 BCCC
41 33%m 323 316 300s 303s 380 372 364 356 73 yCNH,+yCCHg; 25/23 yCCC
42 300 293 280 w,sh 303 296 292 285 70/81 BCNH,+BCCHg; 10 vMBr
43 278 272 633s 628 w 591 577 561 548 87 yNH, (twist.)
246's 280 273 57 vMBr; 23 BCCC+BCNH,
228 m,sh 260 254 242 236 58/59 vMN; 26/23 yCCH3+yCNH,
207s 204s 198 193 93 YMBr
44 121vs 140 137 136 133 123 120 52/56 yCCHz+yCNHy; 20/25 vMN
90 88 82 80 64/67 YMN; 22 tCNMN
77 75 67 66 65/59 yYNMBr; 24/28 tTCCNM
53 52 86 YNMN-+yBrMBr
40 39 26 26 53/56 tCCNM; 26 YNMBr; 0/11 yCH3
45 20 20 38 37 37 36 76/86 yCHj (torsion)
24 23 16 16 41 1CCNM; 10/22 yNMBEr; 39/40 yCHy
18 17 69 YNMN; 29 tCCNM
10 10 77/76 tTCNMN; 21 yYNMBr

*Experimental data is taken from Ref. [144], **Experimental data is taken from Ref. [26].

7



Table 4.13 Experimental and calculated vibrational frequencies (in cm™) of free p-toluidine and CdBr(p-tol),.

p-toluidine CdBr,(p-tol),

Exp.* B3LYP/def2-TZVP Exp.** B3LYP/def2-TZVP
No IR Ra Calc. Scaled IR Ra Calc. Scaled Calc. Scaled PED (%) Assignments
1 34165 3418 w 3647 3470 3301 m 3307 w 3585 3411 3564 3391 100 vNH, (asym.)
2 3333s 3337w 3552 3379 3251s 3247 m 3499 3329 3489 3319 100 vNH,
3 3056w 3054 s 3171 3017 3053w 3051s 3182 3027 3180 3025 98 vCH
4 3020m,sh 30325 3168 3014 3026 m 3017 m 3180 3025 3177 3023 97/98 vCH (asym.)
5 3008m 3013 s 3152 2999 3007 w 3165 3011 3163 3009 94/98 vCH
6 3152 2999 3164 3011 3162 3009 95/99 vCH
7 2912m 2917s 3097 2946 2921m  2918s 3107 2956 3106 2955 99 vCHj; (asym.)
8 2859m 2861m 3070 2921 2861w 2858w 3080 2930 3079 2929 99 vCHjs (asym.)
9 2737w 2738 w 3019 2872 2730 w 2722 w 3028 2880 3026 2879 99 vCHjz
10 1621vs 1617s 1667 1629 1599 m 1655 1617 1643 1605 58/79 PNH, (sciss.); 11/18 BCNH; ; 18/0 vCC
11 1654 1616 1617 m 1619s 1661 1623 1660 1622  42/58 vCC; 21/15 BNH; (sciss.); 20 BCH
12 1582s,sh 1581 m 1621 1584 1577 s 1565 m 1633 1596 1627 1590 65/66 vCC; 15/14 BNH,; 10 BCH; 10 BCCHj3
13 1514 vs 1555 1519 1515 vs 1553 1518 1553 1517 63 BCH; 15/17 BCCC; 12/14 vCC
14 1501 1467 1461w 1501 1466 1500 1466  69/70 BCHgs; 12/11 BCH
15 1488 1454 1490 1456 1489 1455  72/75 BCHg; 23/22 BCCH3
16 1441s 1463 1429 1444 w 1463 1429 1462 1428 31/32 BCH; 28/20 vCC; 13/12 BCHs; 12 BNH,
17 1380 m 1417 1385 1379 w 1380 m 1419 1387 1418 1386 96/91 BCH;
18 1324m 1324 w 1359 1328 1322 vw 1317 vw 1364 1333 1363 1332 64/67 BCH; 14/10 BNH,; 11 vCC
19 1281 m 1333 1302 1295vw 1280 vw 1335 1304 1333 1303 61/60vCC; 13/11 BCH; 10 BNH,
20 1267 vs 1271 m 1301 1271 1237 s 1236 m 1268 1239 1253 1225 41/49 vCN; 36/35 vCC; 12/10 BCH
21 1218 m 1235 1207 1226's 1224m 1234 1206 1234 1205 57/61 vCC;30/31 BCH
22 11765 1179 m 1207 1179 1182 w 1181 m 1210 1183 1210 1182  75/73 BCH; 12/13 vCC
23 1120s 1153 1127 1115w 1112m,sh 1159 1133 1158 1132  53/47 BCH; 19/20 BNH; (rock.); 16/12 vCC
24 1074 m 1092 1067 1096 w 1091 m 1119 1094 1116 1090  42/41 BNHjy(rock.); 12/13 BCHg; 10 BCH; 11 vCC
25 1044 m 1064 1040 1043vs 1044 s 1067 1042 1067 1042 81/79 yCCHs; 16/19 yCH
26 983w 1034 1010 1039 1016 1038 1014 78/85 BCCC; 18/15 BCH
27 953w 1002 979 1006 983 1006 983 55/57 BCCHg; 15/14 BCHg; 11 BCH; 10/11 BCNH,
28 933 912 967 945 952 930 78/83 yCH; 20/11 yCCC
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Table 4.13 cont.

p-toluidine CdBr,(p-tol),
Exp.* B3LYP/def2-TZVP Exp.** B3LYP/def2-TZVP
No IR Ra Calc. Scaled IR Ra Calc. Scaled Calc. Scaled PED (%) Assignments
29 931w 931 910 930m 933 vw 956 934 942 921 73/83 yCH; 17/12 yCNH,
30 844 s 854 834 834 m 836 m 846 826 845 825 45/47 vCC; 25 vCN; 21/19 BCCC
31 812vs 830 811 806 s 809 m 828 809 824 805 65/71 yCH; 11 yCNH,
32 821 802 845 826 833 814 88/85 yCH
33 720 m 752 735 738w 745 727 743 726 37/35 vCC; 24 vCN; 29/28 BCCC
34 724 707 705 m 708 w 728 711 724 707 72/59 yCCC; 13/20 yCNH,; 15/10 yCCH,4
35 645s 661 646 647vw 643 m 661 646 660 645 81/80 BCCC; 13 vCC
36 591 577 991 968 901 881 74/76 yNHy(wag.); 16/14 yCCC
37 504 vs 510 498 507 s 514 vw 527 515 523 511 80/79 yCCC+yCNHj, (wag.)
38 470 466 s 470 459 474 w 472 m 474 463 472 461 55/43 BCCC; 43/46 vCN+vCC
39 409 w 420 410 411m 407 m 421 411 417 407 76 yCCC; 19/15 yCH
40 410 401 394 m 370m 395 386 386 377 74/79 BCCH3+BCNH,; 21/17 BCCC
41 335m 323 316 302s 303s 358 350 351 343 68/79 yCNH,+yCCHg; 21/13 yCCC
42 300 293 279w 299 292 292 286 88/85 BCNH, + BCCHj,
43 278 272 568 s 562 w 541 529 515 503 88 yNH, (twist.)
245s 246's 247 241 172 168 96/94 vMBr
44 121 vs 140 137 227 m 229 224 210 206 64/65 yCCH3t+yCNH,; 27/29 vMN
139m,sh 113 110 109 107 55/53 vMN; 28/27 yCNH,+yCCHjz
69 68 65 63 57/64 1TCCNM; 22 yNMBr
68 67 61 59 66/68 YMN; 16/10 yBrMBr
44 43 33 32 61/54 yCNM; 23/20 yBrMBr
3% 34 20 20 68/71 tCNMN; 15/10 YNMBr
45 20 20 22 22 15 15 89/78 yCH3 (torsion)
16 16 52 tCNMN; 18 tCCNM; 16 yCCH3
16 15 60 TCNMN; 23 yCCHg
9 9 80 tCNMN; 20 yYNMBr

*Experimental data is taken from Ref. [144], **Experimental data is taken from Ref. [26].
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Table 4.14 Experimental and calculated vibrational frequencies (in cm™) of free p-toluidine and HgBr,(p-tol),.

p-toluidine

HgBr,(p-tol),

Exp.* B3LYP/def2-TZVP Exp.** B3LYP/def2-TZVP
No IR Ra Calc. Scaled IR Ra Calc. Scaled Calc. Scaled PED (%) Assignments
1 3416 s 3418 w 3647 3470 3300 m 3002vw 3618 3442 3587 3413  100/99 vNH, (asym.)
2 3333s 3337 w 3552 3379 3243s 3247 vs 3526 3354 3503 3333 100/99 vwNH,
3 3056 w 3054 s 3171 3017 3053w 3058 vs 3180 3025 3178 3023 95/97 vCH
4 3020m, sh  3032's 3168 3014 3033w 3038s 3176 3021 3175 3021 97/95 vCH (asym.)
5 3008 m 3013 s 3152 2999 3008w 3014s 3161 3007 3160 3007 91/89 vCH
6 3152 2999 3160 3006 3160 3006 90/91 vCH
7 2912m 2917 s 3097 2946 2913vw 2915 vs 3104 2954 3103 2952 98 vCHj (asym.)
8 2859 m 2861m 3070 2921 2857vw 2858 vs 3077 2928 3075 2925 98 vCHj; (asym.)
9 2737w 2738 w 3019 2872 2732 w 3025 2878 3024 2877 99 vCHj
10 1621 vs 1617s 1667 1629 1593 m 1654 1616 1651 1613  54/69 BNH, (sciss.); 17/11 BCNHy; 15/14 vCC
11 1654 1616 1612s 1611vs 1663 1625 1661 1623  45/58 vCC; 26 PNH; (sciss.); 18/12 BCH
12 1582s,sh 1581 m 1621 1584 1575vs 1570vw 1628 1591 1624 1587 58/46 vCC; 12/19 BCCC; 15/17 BCCHs; 14/19 BNH,
13 1514 vs 1555 1519 1512vs 1512w 1554 1518 1553 1517  59/57 BCH; 21/23 BCCC; 16 vCC
14 1501 1467 1501 1466 1500 1466 67/71 PCHs; 13/10 BCH
15 1488 1454 1489 1455 1489 1455  73/67 BCHas; 22/23 BCCH;
16 1441s 1463 1429 1463 1429 1462 1428 37/34 vCC; 23/16 BCH; 17 BCHs; 11/13 BNH,
17 1380 m 1417 1385 1373w 1375s 1419 1386 1417 1385 92/91 BCH;
18 1324 m 1324 w 1359 1328 1327vw 1362 1331 1362 1331 66/61 BCH; 16/13 BNH,; 12/15 vCC
19 1281 m 1333 1302 1295vw  1298vw 1334 1304 1333 1302 65/55vCC; 15/13 BCH; 10/15 BNH,
20 1267 vs 1271 m 1301 1271 1242s 1236m 1284 1255 1272 1243  46/49 vCN; 30/28 vCC; 19/18 BCH
21 1218 m 1235 1207 1219s 1212 vs 1234 1206 1234 1206  63/60 vCC; 24/29 BCH
22 1176 1179 m 1207 1179 1206s 1186s 1209 1181 1208 1181  73/74 BCH; 13/19 vCC
23 1120s 1153 1127 1116 w 1157 1131 1156 1129 45/52 BCH; 18/14 BNH; (rock.); 21/15 vCC
24 1074 m 1092 1067 1098 m 1090 vs 1113 1088 1105 1080 45/52 BNH; (rock.); 24/11 vCC; 14/12 BCH
25 1044 m 1064 1040 1041vs 1045m 1067 1042 1065 1041  84/74 yCCHs; 15/17 yCH
26 983w 1034 1010 1038 1014 1037 1013  76/75 BCCC; 18/16 BCH
27 953w 1002 979 990m 980 vw 1005 982 1005 982 51/43 BCCHg; 16/22 BCH3; 10/12 BCH; 11/13 BCNH,
28 933 912 964 942 946 924 74/81 yCH; 22/12 yCCC

8.



Table 4.14 cont.

p-toluidine

HgBr,(p-tol),

Exp.* B3LYP/def2-TZVP Exp.** B3LYP/def2-TZVP
No IR Ra Calc. Scaled IR Ra Calc. Scaled Calc. Scaled PED (%) Assignments
29 931w 931 910 938 s 931 vw 951 929 942 920 69 yCH; 15/13 yCCC; 13/15 yCNH,
30 844 s 854 834 835m 838 s 856 836 844 825 41/47 vCC; 23/21 vCN; 13/10 BCH; 10 BCCC
31 812vs 830 811 817 m 841 822 818 799 61/56 yCH; 14/35 yCNH,
32 821 802 810 vs 838 819 832 813 85/95 yCH
33 720 m 752 735 733s 740 m 768 750 743 726 37/39 vCC; 21 vCN; 31/22 BCCC
34 724 707 705s 709 vw 733 716 724 708 52/60 yCCC; 27/17 yCNHy; 16 yCCH;3
35 645 s 661 646 650 s 645 vw 661 646 661 646 76/82 BCCC; 12/10 BCNH,
36 591 577 888 868 720 704  73/67 yCNH2 (wag.); 11/15 yCH
37 504 vs 510 498 524 vs 518 vw 524 512 522 510 69/78 yCCC+yCNHy; 22/17 yCCH;3
38 470 466 s 470 459 472 461 471 460 46/42 BCCC; 45 vCN+uCC
39 409 w 420 410 415 m,sh 421 411 417 408 67/81 yCCC; 19/14 yCH
40 410 401 399 m 400 s 388 379 384 376 58/52 BCNHj,; 30 BCCHg; 11/10 BCCC
41 335m 323 316 318 vw 344 336 337 329 63/77 yCCH3+yCNH,; 30/23 yCCC
42 300 293 297 s 280 vs 299 292 296 289 83/87 BCNH, + BCCHy
43 278 272 471w 469 m 485 474 455 445 80/87 yNH; (twist.); 10 yCCC
241'm 245 239 98 vMBr
196s 197 192 51 vMN; 21 vMBr; 31 yYCNH,+yCCH;y

44 121 vs 140 137 160 s 179 175 164 160  74/75 yCCHstyCNHy; 11 vMN

86 84 83 81 57/63 vMN; 31/25 yCCH3y

61 60 54 yNMBr; 41 yBrMBr

60 59 59 57 53/62 1CCNM; 35/31 yYNMBr

55 53 32 31 48/56 YNMBr; 28/29 tCCNM

40 39 76 YNMBr+yNMN

30 29 16 16 66/84 tTCNMN; 20/12 yYNMBr
45 20 20 28 28 21 20 85/81 yCCHj (torsion)

25 24 34 t1CCNM; 26 YNMBr; 21 yCCH3

17 16 8 8 69/75 TCNMN; 22/25 yNMBr

*Experimental data is taken from Ref. [144], **Experimental data is taken from Ref. [26].

6.
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4.3.3 Vibrational Frequencies of the Metal lodide Complexes of P-toluidine

Detailed vibrational analysis of Ni, Zn and Cd iodide complexes of p-toluidine are
performed in this part by providing theoretical vibrational spectra of the title
compounds with corresponding infrared and Raman intensities (Figures 4.14 and 4.15)
and giving observed and theoretical vibrational frequencies with the PED(%)

assignments of each complex in Tables 4.15-4.17.

p-tol
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Figure 4.14 Theoretical IR spectra of p-toluidine and its iodide complexes.
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Figure 4.15 Theoretical Raman spectra of p-toluidine and its iodide complexes.

4.3.3.1 3500-2700 cm™ Region

This spectral region starts with the N-H stretching vibrations of the amino group.
The asymmetric and symmetric vNH band of free ligand is observed respectively at
3416 cm™ (strong IR) / 3418 cm™ (weak Raman) and 3333 cm™ (strong IR) / 3337
(weak Raman). However this band is observed at lower frequencies in the complexes,

such as 3344 cm™ (strong IR) and 3276 cm™ (strong IR and very strong Ra) for Ni
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complex, 3287 cm™ (strong IR) / 3289 (medium Raman) and 3219 cm™ (strong IR) /
3222 cm™ (strong Raman) for Zn complex, and finally 3312 cm™ (medium IR) / 3313
cm™ (weak Raman) and 3250 cm™ (strong IR) / 3253 cm™ (medium Raman) for the Cd
complex. This downward shift of N-H stretching band in the complexes prove the

coordination occur via nitrogen atom of the free p-toluidine.

Present calculations predict C-H stretching vibrations of the benzene ring between
3056-3008 cm™ region for the free p-toluidine. Being almost same with the previous
assignments from similar studies [22, 55] and the free ligand, these vibrations are
determined in the 3055-3007 cm™ range for the related complexes. So, it can be said

that vCH bands of the benzene ring is not affected due to the coordination.

Similarly methyl group stretching vibrations, i.c. vCH3 are observed between
2917-2737 cm™ in the free p-toluidine and this band is between 2921-2732 cm™ in the
Ni, Zn, and Cd complexes, being very good agreement with the studies in the literature
[21-26, 144, 152, 153]. Since methyl group is the farthest group of atoms to the

coordination, these vibrations are not affected from the complexation as expected.
4.3.3.2 1700-600 cm™ Region

NH; scissoring vibrations of the free ligand are seen in the lower frequencies in
the corresponding complexes in these types of studies. This is because, the reduction of
HNH angle of p-toluidine leads to decrease in scissoring force constant and the reduced
mass increase upon coordination [21-26], and this, downshifts NH, scissoring
frequency. In our study, in the free p-toluidine HNH angle is 111.9°, whereas it is
108.7°, 108.5°, and 108.9° in the Ni, Zn, and Cd complexes, respectively, so the

vibrations are also observed in the lower frequencies compared with the free ligand.

Methyl group in plane bending vibrations, i.e. PCH3 are not affected from
coordination as in the case of methyl group stretching vibrations. Significant BCH3
vibrations at 1467 cm™ and 1454 cm™ (scaled def2-TZVP frequencies) for the p-
toluidine are not observed experimentally, as well as in the complexes. These vibrations
are computed as 1467 cm™ and 1455 cm™ for the Cd complex, 1467 cm™ and 1456 cm™
for the Zn complex, and 1467 cm™ and 1452 cm™ for the Ni complex. BCHj vibration is
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observed at 1380 cm™ (medium Raman) with a PED ~92% in the free p-toluidine and

in the Ni, Zn, and Cd complexes it is in the almost same band as expected.

C-N stretching vibration is one of the significant band of this region is observed at
1267 cm™ (very strong IR) / 1271 cm™ (medium Raman) in the p-toluidine. In the
corresponding complexes this band downshifts 24 cm™ (IR) / 35 cm™ (Raman) in the Ni
complex, 24 cm™ (IR) in the Zn complex, and finally 31 cm™ (IR) /34 cm™ (Raman) in

the Cd complex upon complexation of the nitrogen atom.

Although NH, wagging and twisting vibrations of p-toluidine are found below
600 cm™ (are not observed experimentally), these bands are found to be in higher
wavenumbers in the title complexes because of coordination [18-26]. For instance
computed (scaled) frequency of p-toluidine for NH, wagging is 577 cm™, whereas it is
983 cm™, 1032 cm™ and 975 cm™ in Ni, Zn and Cd complexes respectively. In the
same manner, the scaled NH, twisting vibration is determined at 272 cm™ in the free p-
toluidine, and this vibration is determined at 656 cm™, 576 cm™, and 520 cm™ in the Ni,

Zn and Cd complexes respectively.
4.3.3.3 Below 600 cm™

Metal-ligand and metal-halogen vibrations of transition metal complexes are
generally observed below 600 cm™ as in the bromide complexes of p-toluidine.
Consistent with this, in our study vMN vibrations occur at 217 cm™ (medium IR) and
142 cm™ (strong Raman) for the Ni complex, 274 cm™ (medium IR) and 141 cm™ (very
strong Raman) for the Zn complex, and 150 cm™ for the Cd complex. Metal-halogen,
i.e. MI vibrations are observed for the Ni complex at 211 cm™ (medium IR) / 206 cm™
(very weak Raman) and 111 cm™ (very strong Raman), for the Zn complex at 218 cm™
(weak IR) and for the Cd complex 220 cm™ (very weak IR) / 130 cm™ (strong Raman).
Therefore, two vMN and two vMI vibrations are determined for the Ni complex, two
VMN and one vMI vibrations for the Zn complex, and one YMN and one vMI vibrations
for the Cd complex. Below 200 cm™, CHj torsion is the only ligand vibration and
TCNMN, yYNMI, tCCNM are the mostly observed metal vibrations in the present study,
as in the literature [54, 57, 61].



Table 4.15 Experimental and calculated vibrational frequencies (in cm™) of free p-toluidine and Nil,(p-tol),.

p-toluidine Nily(p-tol),

Exp.* B3LYP/def2-TZVP Exp.** B3LYP/def2-TZVP

IR Ra Calc. Scaled IR Ra Calc. Scaled Calc. Scaled PED (%) Assignments
1 3416s 3418w 3647 3470 3344 m 3463 3289 3457 3284  95/96 vNH, (asym.)
2 3333s 3337w 3552 3379 3276s 3276 vs 3382 3212 3379 3210 95/96 vNH,
3 3056 w 3054s 3171 3017 3055w 3054 vs 3194 3034 3193 3033 96/89 vCH
4 3020m,sh  3032s 3168 3014 3036 s 3028 vs 3193 3033 3192 3032 96/90 vCH
5 3008 m 3013s 3152 2999 3012 w 3012 vs 3145 2987 3145 2987 90/88 vCH (asym.)
6 3152 2999 3143 2986 3143 2985 95/97 vCH
7 2912 m 2917s 3097 2946 2911m 2915 vs 3073 2919 3073 2919 98/97 vCHj; (asym.)
8 2859 m 2861m 3070 2921 2859 m 2860 vs 3047 2894 3047 2894 95 vCHj; (asym.)
9 2737w 2738w 3019 2872 2732 w 3003 2852 3002 2852 98 vCHj
10 1621 vs 1617s 1667 1629 1614 s 1615 s 1658 1621 1658 1620 51/59 vCC; 20/23 BNH, (sciss.); 13/14 BCH
11 1654 1616 1593 m 1650 1612 1649 1611  76/78 PNH, (sciss.); 14/10 BCH
12 1582s,sh  1581m 1621 1584 1568 vs 1570 vw 1625 1588 1624 1587  63/60 vCC; 12 BCH; 11/10 BNH; (rock.); 10BCCHj3
13 1514 vs 1555 1519 1513 vs 1514 vw 1556 1520 1555 1520 61/56 BCH; 23/27 BCCC
14 1501 1467 1501 1467 1501 1467 63/62 BCHj; 15 BCCHs; 10/11 BCH
15 1488 1454 1458 w 1486 1452 1485 1452  72/71 BCHg; 15/14 BCCH3
16 1441s 1463 1429 1449 w 1465 1431 1465 1431  43/41 BCH; 32/34 vCC; 13/10 BNH, (rock.)
17 1380 m 1417 1385 1376 w 1381 m 1405 1373 1405 1372  91/90 BCH;
18 1324 m 1324w 1359 1328 1330 vw,sh 1328 vw 1363 1332 1363 1332  53/60 BCH; 21/17 vCC; 11/10 BNH; (rock.)
19 1281 m 1333 1302 1295 vw 1294 vw 1340 1309 1339 1309 45/44 vCC; 11 BCH; 13 BNH; (rock.); 11/10 BCCH3
20 1267 vs 1271 m 1301 1271 1243's 1236 m, br 1280 1251 1279 1250 48/56 vCN; 24/21 vCC; 15/13 BCH
21 1218 m 1235 1207 1207 br 1232 1204 1232 1204  73/68 vCC; 18/20 BCH
22 1176 1179 m 1207 1179 1181w 1183 m 1209 1181 1208 1181  74/76 BCH; 20/17 vCC
23 1120s 1153 1127 1148 vw 1169 1143 1167 1141  42/44 BCH; 30/34 BNH; (rock.); 18/17 vCC
24 1074 m 1092 1067 1106 m 1128 1103 1126 1101  46/51 BNH; (rock.); 21/17 BCH; 17/21 vCC
25 1044 m 1064 1040 1041 m,sh 1052 m 1057 1032 1057 1032 62/61 yCCHs; 17/18 yCHg; 11 yCH
26 983w 1034 1010 995 vs 1000 s 1042 1018 1041 1017 67/76 BCCC; 17/15 BCH
27 953w 1002 979 1000 977 1000 977 58/56 BCCHg; 17/14 BCHag; 13/14 vCC
28 933 912 932 m, sh 931 vw 928 906 926 905 76/84 yCH; 14/10 yCCC
29 931w 931 910 836 m 838s 925 904 924 903 84/80 yCH; 11yCCC
30 844 s 854 834 817 m 851 831 850 831 66/68 vCC+ vCN; 25/22 BCCC
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Table 4.15 cont.

p-toluidine Nil,(p-tol),
Exp.* B3LYP/def2-TZVP Exp.** B3LYP/def2-TZVP
IR Ra Calc. Scaled IR Ra Calc. Scaled Calc. Scaled PED (%) Assignments
31 812vs 830 811 810 vs 832 813 831 812 74/70 yCH; 14/16 yCCH3+yCNH,
32 821 802 740 s 740 m 826 807 825 807 93/95 yCH
33 720 m 752 735 708 s 709 vw 750 733 749 732 38/45 vCN; 30/36 vCC; 19/10 BCCC
34 724 707 646 m 645 vw 715 698 714 698  76/71 yCCC+yNH, (wag.); 16 yCCH;
35 645 s 661 646 520 vs 518 vw 666 650 651 636 50/47 BCCC; 43 BCNH,
36 591 577 1006 983 1001 979  87/81 yNH, (wag.)
37 504 vs 510 498 540 528 537 525 63/62 yCCC; 25/30 YCNH,
38 470 466 s 470 459 474 vw 474 w 487 476 484 473 58/61 BCCC; 33/32 vCC+ vCN
39 409 w 420 410 408 vw 420 410 420 410 67/69 yCCC; 22 yCH
40 410 401 387m 379 w 399 390 62 BCCHg+ BCNH,; 23 BCCC
41 335m 323 316 300 m 296 vw 397 388 396 387 37/38 yCCHg; 27/26 yCNH,; 20/24 yCCC
42 300 293 274 m 301 294 299 292 88/87 PCCH3+ BCNH,
43 278 272 608 vs 613 vw 672 656 639 625 87/90 YNH, (twist)
44 121vs 140 137 279 m,sh 285 vw 384 375 239 234 71/72 yCNH,+ yCCHg; 13 yCCC
217m 265 259 168 164 60/75 vMN; 34/12 yCNH,; + yCCHj3
211 m 206 vw 118 115 45 vMI; 44 tTCNMN
142 sh 113 110 45 vMN; 24 vMI; 13 yCCC+yCNH2
111vs 110 108 106 104 66/47 vMI; 22/33 TCNMN
94 92 55 vMN; 25 1CNMN; 18 yYNMI
89 87 83 81 67/60 vMI; 25/26 yYNMI
75 73 68 YNMI; 21 tTCNMN
45 20 20 61 59 57 56 77/81 yCHj3 (torsion); 10/12 tTCCNM
59 58 56 55 65/67 tCCNM; 31/32 yCHg (torsion)
55 54 50 49 61/60 yNMI; 37 tCCNM
46 45 42 41 56 tTCNMN; 37/38 yNMI
35 34 47 yCNM; 41 yYNMI
34 34 31 30 56/50 tTCNMN; 35/41 yNMI
23 22 71 tCNMN; 13 yCCH3
17 16 13 12 57/66 TCNMN; 37/21 yNMI

*Experimental data is taken from Ref. [144], **Experimental data is taken from Ref. [22].
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Table 4.16 Experimental and calculated vibrational frequencies (in cm™) of free p-toluidine and Znl,(p-tol),.

p-toluidine Znl,(p-tol),

Exp.* B3LYP/def2-TZVP Exp.** B3LYP/def2-TZVP
No IR Ra Calc. Scaled IR Ra Calc. Scaled Calc. Scaled PED (%) Assignments
1 3416's 3418w 3647 3470 3287s 3289 m 3560 3387 3546 3374 100 vNH, (asym.)
2 3333s 3337w 3552 3379 3219s 3222s 3477 3308 3474 3305 100 vNH,
3 3056w  3054s 3171 3017 3051vw,sh 3054s 3186 3032 3181 3027 95/99 vCH
4 3020m,sh 3032s 3168 3014 3032w 3038s 3184 3030 3179 3025 92/99 vCH (asym.)
5 3008m  3013s 3152 2999 3014 w 3013s 3169 3015 3165 3012 90/99 vCH
6 3152 2999 3168 3014 3165 3011 92/99 vCH
7 2912m  2917s 3097 2946 2913 m 2915s 3109 2958 3106 2955 98/99 vCHj; (asym.)
8 2859 m  2861m 3070 2921 2857 w 2862 m 3082 2932 3081 2931 98 vCHj; (asym.)
9 2737w 2738w 3019 2872 2739 w 2741m 3029 2882 3028 2881 99 vCHj3
10 1621vs  1617s 1667 1629 1616 m 1617 s 1660 1622 1659 1621 61/44 vCC; 19/12 BNH, (sciss.); 10/24 BCH
11 1654 1616 1600 m 1604 s 1653 1615 1638 1601  69/76 PNH, (sciss.); 19/15 BCNH,
12 1582sssh  1581m 1621 1584 1637 1599 1630 1592  58/57 vCC; 14/12 BCH; 12/13 BNH, (rock.); 11 BCCHz
13 1514 vs 1555 1519 1512 vs 1511vw 1554 1518 1553 1517 57/59 BCH; 26/21 vCC
14 1501 1467 1501 1467 1501 1466  63/72 BCHj; 15/10 BCCHs; 13 BCH
15 1488 1454 1490 1456 1490 1456  76/79 BCHg; 17 BCCH;
16 1441s 1463 1429 1451w 1463 1430 1462 1428 31/42vCC;22/21 BCH; 15 BCHs; 11/10 BNH, (rock.)
17 1380 m 1417 1385 1382 m 1382 m 1422 1389 1417 1385 91 BCH3
18 1324 m 1324w 1359 1328 1325w 1330 m 1366 1335 1365 1333  59/70 BCH; 12/11 BNH, (rock.); 14/10 vCC
19 1281 m 1333 1302 1296vw,sh 1298 vw 1337 1307 1335 1304 51/62vCC;21/13 BCH; 11 BNH, (rock.); 10/11 BCCH;
20 1267vs 1271 m 1301 1271 1243 w 1261 1232 1247 1218  62/49 vCN; 23/20 BCH; 12/20 BCCC
21 1218 m 1235 1207 1212 m 1212vs 1234 1205 1234 1205 59/57 vCC; 17 BCH; 13/15 vCN
22 11765 1179 m 1207 1179 1181w 1183 m 1211 1184 1211 1183  72/69 BCH; 20/21 vCC
23 1120s 1153 1127 1120 m,sh  1153vw 1165 1138 1162 1135 42/49 BCH; 35/28 PNH, (rock.); 11/15vCC
24 1074 m 1092 1067 1105 m,sh 1109m,sh 1130 1104 1121 1096 38/47 BNH; (rock.); 23/16 BCH; 29/21 vCC
25 1044 m 1064 1040 1023 w 1067 1043 1067 1042 65/62 yCCHg; 21/20 yCHs; 12/13 yCH
26 983w 1034 1010 1040 1016 1039 1015 74/72 BCCC; 10/12 BCH
27 953w 1002 979 958 w 1009 986 1008 985 54/53 BCCHg; 22/21 BCHg; 10 BCNHy; 11 BCH
28 933 912 972 950 952 930  77/80yCH; 20/12 yCCC
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Table 4.16 cont.

p-toluidine Znl,(p-tol),
Exp.* B3LYP/def2-TZVP Exp.** B3LYP/def2-TZVP
No IR Ra Calc. Scaled IR Ra Calc. Scaled Calc. Scaled PED (%) Assignments
29 931w 931 910 936 w 939vw 949 928 943 922 56/71 yCH; 25/10 yCNH,; 13/12 yCCC
30 844 s 854 834 833s 836 s 846 827 845 826 65/67 vCC+uCN; 17/13 BCCC
31 812vs 830 811 817 vs 816s 836 817 827 808  76/70 yCH; 20/22 yCCH;3+ yCNH,
32 821 802 849 830 835 815 98/96 yCH
33 720 m 752 735 735s 738w 744 727 743 726 40/36 BCCC; 30/27 vCC; 20/21 vCN
34 724 707 704 m 705vw 730 713 724 707 62/61 yCCC; 13/10 yCNH,; 10 yCCH;
35 645 s 661 646 648 s 647 s 662 646 661 646 80/74 BCCC; 14/11 BCNH,
36 591 577 1079vs  1091s 1056 1032 973 951  76/80 yNH, (wag.); 14/12 yCCC
37 504vs 510 498 518 vs 521w 532 520 527 515  66/68 yCCC+yCNH,(wag.); 29/26 yCCH;
38 470 466 s 470 459 473 m 474m 478 467 474 463 60/66 BCCC; 17 vCC; 16 vCN
39 409w 420 410 426 m 429 m 423 413 420 411 77/78 yCCC; 20/13 yCH
40 410 401 377 m 377s 397 388 386 378 72/67 BCNH, + BCCHjs; 23/27 BCCC
41 335m 323 316 311m 314 s 382 373 366 357 40/38 yCNH,; 25/23 yCCHjg; 21/25 yCCC
42 300 293 280msh  277m 300 293 291 285 82/83 BCNH, + BCCH3
43 278 272 604 s 606w 590 576 564 551  89/88 yNH, (twist.)
274 m 256 251 239 233 68/77 vMN; 24/21 yCCH,
218 w 234 229 156 153 90/82 vMI
141vs 133 130 86 84 44/51 vMN; 30/33 yYNMN; 16/10 yCNH,+yCCHg

44 121vs 140 137 113vs 119 116 67 yCCC +yCCHs; 21 yCNH,

78 77 63 62 40/48 tCCNM; 44/27 yCNM

74 72 47 yNMI; 27 tCNMN; 21 yIMI
45 20 20 52 51 43 42 87/90 yCH3 (torsion)

45 44 73 yNMI+yNMN; 15 yIMI

37 36 36 35 76/65 tCCNM; 11/14 yCCC+yCNH,

34 34 75 yYNMN; 21 tCNMN

19 19 70 yYNMN; 12 yCCH,

16 16 12 12 89/85 tCNMN; 10/12 yNMI

*Experimental data is taken from Ref. [144], **Experimental data is taken from Ref. [22].
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Table 4.17 Experimental and calculated vibrational frequencies (in cm™) of free p-toluidine and Cdl(p-tol),.

p-toluidine Cdl,(p-tol),
Exp.* B3LYP/def2-TZVP Exp.** B3LYP/def2-TZVP
No IR Ra Calc. Scaled IR Ra Calc. Scaled Calc. Scaled PED (%) Assignments
1 3416s 3418 w 3647 3470 3312m 3313w 3584 3409 3561 3388 100 uNH, (asym.)
2 3333s 3337w 3552 3379 3250s 3253 m 3497 3327 3487 3317 100 vNH,
3 3056w 3054 s 3171 3017 3054w 3058 s 3183 3028 3180 3025 95/98 vCH
4 3020m,sh 3032s 3168 3014 3030w 3040m 3181 3026 3177 3023  93/97 vCH (asym.)
5 3008 m 3013 s 3152 2999 3007w 3014 m 3167 3013 3163 3010 97/99 vCH
6 3152 2999 3165 3011 3162 3009 95/98 vCH
7 2912m 2917 s 3097 2946 2918 m 2921s 3107 2956 3107 2956  93/92 vCHj; (asym.)
8 2859m 2861m 3070 2921 2857w 2863w 3080 2930 3078 2928  95/94 vCHj (asym.)
9 2737w 2738 w 3019 2872 2737w 2741w 3028 2881 3027 2880 97/99 vCHj
10 1621vs 1617s 1667 1629 1583 vs 1594 m 1634 1596 1627 1590 59/60 vCC; 15 BNH, (rock.); 14/12 BCH; 11 BCCH3
11 1654 1616 1612m 1613 m 1656 1618 1644 1607 56/64 PNH; (sciss.); 21/10 vCC; 12/15 BCNH,
12 1582s,sh 1581 m 1621 1584 1662 1624 1661 1623  42/54 vCC; 28/12 BNH; (sciss.); 12/21 fCH
13 1514 vs 1555 1519 1518 vs 1554 1519 1553 1518 48 BCH; 25/24 vCC; 18/12 BCCC
14 1501 1467 1509 vs 1502 1467 1500 1466  54/56 PCHg; 15/12 BCCH3; 11/12 BCH
15 1488 1454 1458 w 1489 1455 1489 1455  76/75 PCHg; 20/13 BCCH,
16 1441s 1463 1429 1450 w 1464 1430 1462 1429 38/37vCC; 15/27 BCH; 17/13 BCHs; 10 PNH, (rock.)
17 1380 m 1417 1385 1379w 1380 m 1419 1387 1419 1386 95/92 BCHj3
18 1324 m 1324 w 1359 1328 1327vw 1326 vw 1365 1334 1365 1333  66/67 PCH; 16/17 BCCC; 14/13 BNH, (rock.)
19 1281 m 1333 1302 1298 vw 1336 1306 1334 1303 47/49 vCC; 19/20 BCCHs;, 16 BNH, (rock.); 12/10 BCH
20 1267vs 1271m 1301 1271 1236s  1237w,sh 1269 1240 1255 1227 55vCN; 20/22 vCC; 15/20 BCH
21 1218 m 1235 1207 1214m 1214s 1234 1206 1234 1206  58/48 vCC; 14/20 BCCC; 10/14 BCH
22 1176 1179 m 1207 1179 1179w 1211 1183 1210 1182 74/75 BCH; 14/17 vCC
23 1120s 1153 1127 1115w 1161 1134 1159 1132  45/53 BCH; 24/21 BNH, (rock.); 21/14 vCC
24 1074 m 1092 1067 1099 m 1124 1098 1118 1093  48/53 BNH, (rock.); 18/15 BCH; 22/20 BCCHs; 13/10 vCC
25 1044 m 1064 1040 1026 vs 1027 m 1067 1042 1067 1042  62/55 yCCHg; 19/16 yCHg; 11/15 yCH
26 983w 1034 1010 1011vs 1014s 1041 1017 1038 1014 63/74 BCCC; 17/12 BCH
27 953w 1002 979 952 vw 1008 985 1007 983 49/56 BCCHg; 18 BCHg; 13/12 BCNHy; 13/11 BCH
28 933 912 069 946 952 930 80/83 yCH; 17/13 yCCC
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Table 4.17 cont.

p-toluidine Cdl,(p-tol),
Exp.* B3LYP/def2-TZVP Exp.** B3LYP/def2-TZVP
No IR Ra Calc. Scaled IR Ra Calc. Scaled Calc. Scaled PED (%) Assignments
29 931w 931 910 934 vw 933 vw 957 935 942 921 73 yCH; 13/10 yCCC; 10 yCNH,
30 844 s 854 834 834s 836 m 846 827 845 825 64/60 vCC+CN; 21/22 BCCC
31 812vs 830 811 819s 845 826 834 815 87/85 yCH; 11 yCCC
32 821 802 808 vs 810 m 829 810 824 806 69/73 yCH; 21/11 yCNH,
33 720 m 752 735 737s 738 w 745 728 743 726 43 BCCC; 27/26 vCC; 27 vCN
34 724 707 702 m 708 w 729 712 725 708 71/60 yCCC+yCNHy; 17/20 yCCH3
35 645 s 661 646 644 m 643 m 661 646 661 646 73/74 BCCC; 10 vCC 13/12 PNH,
36 591 577 960 w 998 975 903 882 83/72 yNH; (wag.); 12/18 yCH
37 504vs 510 498 515 vs 514 vw 527 515 525 513 73/84 yCCC+yCNH, (wag.)
38 470 466 s 470 459 470 vw 470 w 474 464 472 461 54/52 BCCC; 41/47 vCN+vCC
39 409 w 420 410 393 m,sh 395 m,sh 422 413 418 408 77/79 yCCC; 17/14 yCH
40 410 401 387 m 387 m 395 386 389 380 65/74 BCNH,+ BCCHs; 21/15BCCC
41 335m 323 316 303 w 305 vw 360 351 350 342 71/83 yCNH,+yCCHjg; 17/13 yCCC
42 300 293 279w 271m 299 292 296 289 78/74 BCNHy(twist.) + BCCHs; 14/12 vCC
43 278 272 582s 532 520 512 500 83/85 yNH, (twist.)
44 121 vs 140 137 235 vw 225 220 204 199 74/73 yCNH,+ yCCHg; 11 yCCC
220 vw 130s 205 201 131 128 96/95 vMI
150 m 113 110 106 104 37/44 vMN; 36/27 tCCCN; 13/10 yCCH;y
72 70 67 65 63/73 tCNMN; 13/10 yNMI
66 64 78 TCNMN; 14 yIMI
54 52 38 37 51/42 yIMI; 29/41 tCNMN
35 34 32 31 54/44 tCCNM; 16 yNMI; 10 yCCH;3
31 31 44 1CCNM; 23 yCCHg; 15 yNMI
45 20 20 27 27 26 25 92/81 yCHjs (torsion)
19 19 13 12 60/65 tCNMN; 25 yYNMI
18 17 80 tTCNMN

*Experimental data is taken from Ref. [144], **Experimental data is taken from Ref. [22].
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4.3.4 Vibrational Frequencies of the Metal Bromide Complexes of M-toluidine

In this part, vibrational assignments and frequencies of Mn, Co, Ni, Cu, Zn, Cd
and Hg bromide complexes of m-toluidine and the shifts of ligand vibrations upon
coordination are explained. In the Tables 4.18-4.24 (given at the end of this section),
ligand and complex vibrations are provided both experimentally and theoretically with
the PED (%) assignments. Theoretical infrared and Raman spectra of the complexes as

well as spectra of free ligand are given in Figures 4.16 and 4.17.
4.3.4.1 3500-2700 cm™ Region

As in the case of metal bromide and iodide complexes of p-toluidine, in the metal
bromide complexes of m-toluidine complexation occurs via nitrogen atom of the free
ligand too. Thus, shifts in the nitrogen containing vibrations are inevitable. First
example to this is the NH stretching vibrations of the amino group. These asymmetric
and symmetric N-H stretching vibrations are observed at 3435 cm™ (strong IR) and
3354 cm? (strong IR) / 3353 cm™ (medium Raman) in the free m-toluidine,
respectively. For the asymmetric vNH vibrations, observed downward shifts in the IR
spectra of the complexes are 107 cm™ (Mn complex), 171 cm™ (Co complex), 118 cm™
(Ni complex), 139 cm™ (Cu complex), 170 cm™ (Zn complex), 130 cm™ (Cd complex)
and 143 cm™ (Hg complex). And for the symmetric vibrations, downward shifts in the
experimental IR and Raman spectra of the complexes are, respectively 58 cm™ / 56 cm™
(Mn complex), 139 cm™ (Co complex), 118 cm™ / 118 cm™ (Ni complex), 133 cm™ (Cu
complex), 136 cm™ / 134 cm™ (Zn complex), 106 cm™ / 107 cm™ (Cd complex) and
finally 132 cm™ / 119 cm™ (Hg complex).

C-H stretching vibrations of the benzene rings and methyl groups are not affected
so much from the coordination. As mentioned above, vCH vibrations are generally
observed in the 3100-3000 cm™ in the aromatic benzene rings [150], and also in this
study, ring these vibrations are found at 3034-2975 cm™ in the free m-toluidine, and
similar in the complexes (~3060-2966 cm™). Methyl group stretching vibrations, i.e.
vCH;3 are observed between 2946-2857 cm™ in the title complexes and in the free m-
toluidine as well, being in good agreement with the previous studies [145, 152].
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Figure 4.16 Theoretical IR spectra of m-toluidine and its bromide complexes.
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4.3.4.2 1700-600 cm™ Region

In the previous studies downward shift was observed in the NH, scissoring
frequency for the title metal bromide complexes of m-toluidine [23-25]. However, our
calculations found a small downward shift in the frequencies of Co, Cu, and Zn
complexes, whereas for the Mn, Ni, Cd and Hg complexes this band is found in the

similar places (~8 cm™ difference) with free m-toluidine as seen from Fig. 4.16 and 4.17.

C-C stretching and BCH vibrations of the title complexes generally are not affected
much from the coordination, and these vibrations are mostly seen in the ~1600-1100 cm™
region, as in the literature [54-57]. Since the CHj3 is the most distant to the coordination,
related vibrations to methyl groups generally found in the same place with the free ligand.
Out of plane CH vibrations, i.e. yCH are observed between 926 cm™ and 775 cm™ in the
m-toluidine and its corresponding complexes. Therefore vCC, B/yCH, B/yCH3 vibration

bands are generally found in the same places both in the ligand and complexes.

Silverstein determined the C-N stretching band between 1360-1080 cm™ in the
amines [150]. In our study, vCN stretching is observed at 1293 cm™ in both IR and
Raman spectra of the m-toluidine, and this band is found in lower frequencies (between
1284-1253 cm™) in all of the complexes, consistent with the literature range. Maximum
shift is observed in the Hg complex and this may be due to the metal-ligand bond length

of Hg complex (2.79 A) is longer than other six complexes (with an average 2.25 A).

NH, wagging and twisting vibrations of m-toluidine are found in the higher
wavenumbers in the complexes as in the metal bromides and iodides of p-toluidine. In the
previous studies, NH, wagging vibrations (IR) of Mn, Co, Ni, Cu, Zn, Cd and Hg
complexes are assigned, respectively at 1022 cm™, 1035 cm™,1043 cm™, 1084 cm™, 1100
cm?, 1050 cm™, and 1040 cm™[23-25]. However, according to the present calculations
this band is not observed in the experimental spectra of the complexes, except Co (1094
cm™) and Ni (919 cm™) complexes. Corresponding computed (scaled) frequencies for the
title complexes are 804/794 cm™ (Mn complex), 1010/1009 cm™ (Cu complex), 1027/946
cm™ (Zn complex), 968/847 cm™ (Cd complex), and 841/715 cm™ (Hg complex).
Similarly, NH, twisting vibration of the m-toluidine determined at 294 cm™ (medium
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Raman) in the observed spectrum, and this vibration is found in the pretty higher
wavenumbers in the spectral data of the complexes, such as 557 cm™ for the Mn complex,
652 cm™ for the Co complex, 618 cm™ for the Ni complex, 670 cm™ for the Cu complex,
646 cm™ for the Zn complex, 523 cm™ in the Cd complex, and 442 cm™ in the Hg
complex. On the other hand, in the previous experimental studies [24-26] NH, twisting
vibration were not determined correctly, except Co, Ni, and Cu complexes. Since the
density functional calculations for these complexes are not performed before, these types

of errors can be found in the experimental only studies.
4.3.4.3 Below 600 cm™

Although some ligand vibrations present in this spectral region, we will focus on
metal-ligand and metal-bromine stretching vibrations in this subsection. In the previous
experimental studies, metal-ligand stretching vibrations generally observed between 600-
400 cm™ region[19-26]. However, computations predict these vibrations in the lower
bands of the spectrum. Starting with metal-ligand stretching vibrations, i.e. VMN, it is
observed at 285 cm™ (medium IR)/284 cm™ (medium Raman) and 167 cm™ (medium
Raman) for the Mn complex, at 234 cm™ (strong IR) and 210 cm™ (strong IR) for the Co
complex, at 194 cm™ (strong Raman) for the Ni complex, at 202 cm™ (medium IR) for the
Cu complex, at 154 cm™ (medium Raman) for the Cd complex. For the Zn and Hg
complexes observed spectral data for the metal-ligand stretching vibrations are not found
in our study, but computations predict Zn complex at 170 cm™/163 cm™ and 99 cm™/86

cm™ and Hg complex at 106 cm™/ 94 cm™.

According to our calculations vMBr is found at 240 cm™ (medium IR) and 192 cm™
(medium Raman) for the Mn complex, at 246 cm™ (strong IR) for the Co complex, at 152
cm™ (medium Raman) for the Ni complex, at 237 cm™ (medium IR) / 245 cm™ (weak
Raman) for the Cu complex, at 293 cm™ (strong IR) / 296 cm™ (medium Raman) and 205
cm™ (medium IR) / 197 cm™ (very strong Raman) for the Zn complex, at 183 cm™ (very
strong Raman) for the Cd complex, and at 241 cm™ (medium IR) and 186 cm™ (very
strong Raman) in the Hg complex. Therefore all metal vibrations are found below 600
cm™, as in the related transition metal complex studies [56,57, 59-61], but at different

wavenumbers compared with the experimental only studies [23-25].



Table 4.18 Experimental and calculated vibrational frequencies (in cm™) of free m-toluidine and MnBry(m-tol)s.

m-toluidine

MnBr,(m-tol),

Exp.* B3LYP/def2-TZVP Exp.** B3LYP/def2-TZVP
No IR Ra Calc. Scaled IR Ra Calc. Scaled Calc. Scaled PED (%) Assignments
1 3435s 3652 3457 3328 m 3330w 3563 3372 3561 3371 99 uNH, (asym.)
2 3354s 3353 m,br 3556 3366 3296 m 3297 w 3469 3283 3469 3283 96 uNH,
3 3034m 3046s 3184 3014 3028 w,sh  3046's 3184 3014 3184 3014 93 vCH
4 3015m,sh 3012s 3169 2999 3012w,sh 3014 msh 3170 3000 3170 3000 96 vCH
5 3158 2989 3160 2991 3160 2991 98 vCH
6 2975m,sh 2974 m 3147 2979 2976 w 3154 2985 3154 2985 91 vCH
7 2946m,sh 3104 2938 2951w, sh 3093 2928 3093 2928 95 vCHj; (asym.)
8 2919m 2919s 3078 2913 2914 w 2917 s 3071 2907 3071 2907  94/95 vCHj (asym.)
9 2857w 2857m,sh 3026 2864 2858 w 2860 w 3022 2861 3022 2861 97/99 vCHjz
10 1622 vs 1661 1629 1616's 1614 s 1665 1632 1665 1632  83/84 BNH, (sciss.); 10 vCC
11 1649 1617 1598 s 1598 s 1652 1619 1651 1618 51/40 vCC; 29/30 BNHy; 10 BCH; 10 BCCC
12 1591 vs 1590 m 1630 1598 1572s 1634 1601 1633 1601 40/50 vCC; 21 BCCC; 21/16 PNH,
13 1533 1503 1516 vw,sh 1534 1504 1534 1504  51/47 BCH; 16/24 BCCC; 12/13 PNH,
14 1493 vs 1493 w 1510 1480 1494 vs 1494 w 1511 1481 1511 1481  63/66 BCHgs; 13/10 BCH; 10/11 vCC; 10 fNH,
15 1469s 1490 1461 1466 s 1463 vw 1488 1458 1488 1458 67/61 BCHjz; 20/22 BCCH3
16 1443m,sh 1447w,br 1473 1444 1440 w, br 1477 1448 1477 1447  47/45 BCHg; 23/24 BCH; 20/21 PNH,
17 1381w 1378 m 1415 1387 1374 w 1378's 1410 1382 1410 1382 87/90 BCHj
18 1354 1327 1313 vw 1312w 1355 1328 1355 1328 61/58 BCH; 20/23 vCC
19 1314 m 1313m,sh 1342 1315 1264 m 1278 m,sh 1345 1318 1345 1318 40/43 vCC; 21 BCH; 16/15 BCNH,; 12/10 BCCH;
20 1293s 1293 m 1319 1292 1268 s 1311 1285 1310 1284  35/41 vCN; 21/20 vCC; 17/14 BCH; 12 BCCC
21 1170s 1166 m 1195 1171 1170 m 1170 m 1194 1171 1194 1171  44/48 BCH; 30/28 vCC; 18/16 vCN
22 1194 1170 1146 vw 1191 1167 1190 1167 65/66 BCH; 21/27 vCC
23 1106 w 1133 1111 1148 1125 1146 1123  39/44 BNH,(rock.); 24/20 vCC; 22/21 BCH
24 1077 w 1075 w 1094 1072 1086 m 1085 vw 1107 1085 1106 1085 40/43 PNH,(rock.);20/16 vCC;14/15 BCH; 10 BCCHj3
25 1038w 1061 1040 1060 1039 1060 1039 62 yCCHgs; 17/15 yCHs; 16/18 yCH
26 1021 1001 1022 vs 1025 m 1023 1003 1023 1003 55/53 BCCHs; 25/27 BCNH,; 11/14 BCCC
27 996 m 996 vs 1014 994 990 vs 1000 vs 1017 997 1017 997 62/67 vCC; 22/23 BCCC
28 965 vw 946 927 946 927 946 927 33/39 BCCC; 22/21 vCN; 23/21 vCC
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Table 4.18 cont.

m-toluidine

MnBr,(m-tol),

Exp.* B3LYP/def2-TZVP Exp.** B3LYP/def2-TZVP
No IR Ra Calc. Scaled IR Ra Calc. Scaled Calc. Scaled PED (%) Assignments
29 926m 928 vw 943 924 918 vs 919w 931 913 931 913 79/78 yCH; 19 yCCC
30 870m 875 858 882s 886 w 892 874 890 873 69/77 yCH; 17/13 yCCC
31 855m 856 839 854 m 866 w 867 850 867 850 79/86 yCH; 15/11 yCCC
32 T775vs 784 w 782 766 776 vs 778 w 776 761 775 760 70/66 yCH; 14/15 yCCC; 12 yCNH,
33 738s 749 734 730 m 728 s 746 731 744 730 44/53 BCCC; 22/18 vCC; 20/22 vCN (breath.)
34 691vs 705 691 690 vs 702 688 702 688  48/42 yCCC; 25 yCH; 13/15 yNH, (wag.)
35 600 588 820 804 810 794  60/53 yNH, (wag.); 27/30 yCCC; 11 yCCH;
36 557m 559 548 570s 574 m 585 573 584 573 39/40 yCNH,; 35/33 yCCHg; 21/22 yCCC
37 538m 543 m 539 528 543 m 545s 554 543 552 541 31/30 BCCC; 36/34 BNH,; 16/14 vCC; 15/17 vCN
38 518 m 526 515 518 vw,sh  520s 528 517 528 517 68/58 BCCC; 24/30 vCC
39 431w 449 440 441 s 441 vw 450 441 450 441 73/60 yCCC; 18/30 yCH
40 431 422 412's 419w 421 412 419 411 74/71 BCCH5+BCNH,; 16/13 BCCC
41 294 m 304 298 557s 566 555 557 546 75/73 BNH,(twist.); 17/15 BCCC
42 234m 289 284 296 m 293 m 292 287 292 286 80 BCCH3+BCNH,
285m 284 m 282 276 63 vMN; 31 BCCH3+BCNH,
43 218 m 223 219 257 m 279 273 81 yCCC + yCNH,
240 m 227 223 79 vMBr; 17 yCCC
44 204 200 221m 221s 211 207 210 206 61/52 yCCHg; 26/30yCCC; 11/10 yCNH,
192 m 199 195 148 146 87 vMBr
167 m 128 125 104 102 71/55 vMN; 13/22 yCCC+yCCHj;

99 97 66 YNMBr; 20 yBrMBr

90 89 87 86 56/57 tCNMN; 20/25 yNMBr; 16/14 yBrMBr

80 78 66 65 36/33 tTCNMN; 30/28 yYNMBr; 24/26 yBrMBr
45 27 26 61 60 56 55 94/95 yCHj (torsion)

44 43 43 42 46/23 yNMBr; 25/29 yBrMBr; 15/30 tTCNMN

32 31 28 28 50 tCCNM; 16/14 yYNMBr; 12/15 yBrMBr

23 23 17 17 60/51 tCCNM; 21/36 yYNMBr

15 15 12 12 75/81 tCNMN; 12/17 yCCHjz

*Experimental data is taken from Ref. [145], **Experimental data is taken from Ref. [24].

96



Table 4.19 Experimental and calculated vibrational frequencies (in cm™) of free m-toluidine and CoBr,(m-tol)..

m-toluidine

CoBr,(m-tol),

Exp.* B3LYP/def2-TZVP Exp.** B3LYP/def2-TZVP
No IR Ra Calc.  Scaled IR Calc. Scaled Calc. Scaled PED (%) Assignments
1 3435s 3652 3457 3264 s 3530 3341 3530 3341 100 vNH, (asym.)
2 3354s 3353 m,br 3556 3366 3215s 3454 3269 3453 3268 100 vwNH,
3 3034m 3046s 3184 3014 3033 m 3201 3030 3201 3030 97vCH
4 3015m,sh 3012s 3169 2999 3186 3016 3186 3016 96 vCH
5 3158 2989 3180 3010 3179 3009 97vCH
6 2975m,sh 2974 m 3147 2979 3169 2999 3169 2999 96 vCH
7 2946 m,sh 3104 2938 3109 2943 3109 2943 99 vCHj (asym.)
8 2919m 2919 s 3078 2913 2918 m 3082 2917 3082 2917 99 vCHj (asym.)
9 2857w 2857 m, sh 3026 2864 2855 vw 3031 2869 3031 2869 99 vCHjz
10 1622 vs 1661 1629 1572 vs 1634 1602 1631 1599  89/87 PNH, (sciss.)
11 1649 1617 1615s 1656 1623 1655 1622  64/69 vCC; 21/23 BNH, (sciss.)
12 1591 vs 1590 m 1630 1598 1596 s 1637 1605 1637 1605 56/59 vCC; 22/20 BNH, (rock); 15/11 BCH
13 1533 1503 1517 vw 1536 1506 1536 1506  54/52 BCH; 21/24 vCC; 13/14 BNH, (rock.)
14 1493 vs 1493 w 1510 1480 1492 vs 1511 1481 1510 1480 64 BCHs; 18 BCH; 11/12 vCC
15 1469s 1490 1461 1470s 1489 1460 1489 1460 76/74 PCHs; 16 BCCHs
16 1443 msh 1447 w, br 1473 1444 1436 m, sh 1476 1447 1476 1447 48 BCHs; 30 BCH; 10/12 BNH,
17 1381w 1378 m 1415 1387 1374 w 1418 1390 1418 1390 92/93 BCH;
18 1354 1327 1358 1331 1358 1331 68/66 BCH; 22 vCC
19 1314 m 1313 m, sh 1342 1315 1345 1318 1344 1317 50v0CC; 18/17 BCH; 16 BCNH,; 12 BCCHjz
20 1293s 1293 m 1319 1292 1277 w 1275 1250 1274 1249  48/50 vCN; 26 vCC; 14/12 BCCC
21 1170s 1166 m 1195 1171 1167 w 1185 1162 1184 1161 58 BCH; 36/38 vCC+uCN
22 1194 1170 1257 s 1201 1177 1200 1176 76 BCH; 14/13 vCC
23 1106 w 1133 1111 1144 w 1172 1149 1169 1146  50/51 BNH, (rock.); 28 vCC; 18/17 BCH
24 1077 w 1075w 1094 1072 1118 1096 1117 1095 40/38 vCC; 36 BNH; (rock.); 22/24 BCH
25 1038w 1061 1040 1035 w 1065 1044 1065 1044 72 yCCHg; 15/16 yCHg; 10 yYCH
26 1021 1001 1024 1004 1024 1004 52 BCCHs; 24 BCCC; 18/20 BCNH,
27 996 m 996 vs 1014 994 996 m, sh 1019 999 1019 999 58/56 vCC; 28/30 BCCC; 12 BCCH3
28 965 vw 946 927 916 m 931 913 930 912 30 BCCC; 27 BCH; 21 vCN; 18/20 vCC
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Table 4.19 cont.

m-toluidine CoBr,(m-tol),
Exp.* B3LYP/def2-TZVP Exp.** B3LYP/def2-TZVP
No IR Ra Calc.  Scaled IR Calc. Scaled Calc. Scaled PED (%) Assignments
29 926m 928 vw 943 924 971 952 971 952 82/79 yCH; 10/11 yCCC
30 870m 875 858 889 m 913 895 912 894 76 yCH; 18 yCCC
31 855m 856 839 867 m 894 876 893 875 76 yCH; 18/19 yCCC
32 T775vs 784 w 782 766 780 vs 797 781 797 781 80/82 yCH; 12 yCCC
33 738s 749 734 729 m 745 730 744 729 56/60 vCC+uCN; 38/36 BCCC (breath.)
34 691vs 705 691 688 vs 709 695 708 694  40yCCC; 38/40 yCH; 14/13 yCNH, (wag.)
35 600 588 1094 vs 1093 1071 1090 1068  74/76 yNH; (wag.); 11/12 yCCC
36 557m 559 548 568 m 596 584 586 574 36 yCNH,; 34 yCCHg; 28/26 yCCC
37 538m 543 m 539 528 546 w 563 552 553 542 38 BNH; (wag.); 45/41 vCC+uCN; 15 BCCC
38 518 m 526 515 518 vw 529 519 528 518 68/70 BCCC; 12 vCC
39 431w 449 440 445 m 466 457 457 448 72 yCCC; 18/16 yCH
40 431 422 399 m 413 405 408 400  80/81 BCCHy+BNH, (twist.)
41 294 m 304 298 652 m 707 693 663 650 70/84 BNHy(twist.); 18/10 BCH
42 234 m 289 284 292s 300 294 291 285 84 BCCH3+BNH, (twist.)
43 218 m 223 219 420 m 425 417 384 376 76/82 yCCC + yNH, (twist.); 14/10 vMN
246's 285 279 96 vMBr
234 s 242 237 68 VMN; 30 YNMBr
44 204 200 219 m 217 213 213 209 60/58 yCCHg; 26 yCCC; 10 YCNH,
210s 177 173 159 156 80 vMN
159 156 132 129 54/49 yNMBr; 41/47 tTCNMN
146 143 126 124 80/72 tCNMN; 14/26 yYNMBr
65 64 56 55 46/44 tTCNMN; 40/45 yBrMBr
61 60 39 38 82/79 tTCNMN
45 27 26 30 29 29 28 92 yCHj (torsion)
18 18 88 tTCNMN
16 16 13 13 85/76 tCNMN; 10/22 yNMBr

*Experimental data is taken from Ref. [145],

**Experimental data is taken from Ref. [24].
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Table 4.20 Experimental and calculated vibrational frequencies (in cm™) of free m-toluidine and NiBrx(m-tol),.

m-toluidine

NiBr,(m-tol),

Exp.* B3LYP/def2-TZVP Exp.** B3LYP/def2-TZVP
No IR Ra Calc. Scaled IR Ra Calc. Scaled Calc. Scaled PED (%) Assignments
1 3435s 3652 3457 3317s 3316 w 3475 3289 3474 3288 94/95 vNH, (asym.)
2 3354s 3353 m,br 3556 3366 3236's 3235s 3383 3202 3380 3199 90 vuNH,
3 3034m 3046s 3184 3014 3034 w 3053s 3193 3022 3193 3022 91/92 vCH
4 3015m,sh 3012s 3169 2999 3177 3007 3176 3007 92/88 vCH
5 3158 2989 3157 2988 3157 2988 92/90 vCH
6 2975m,sh 2974 m 3147 2979 2966 vw 2977 w 3136 2968 3136 2968 89/87 vCH
7 2946 m,sh 3104 2938 2947 w 3077 2912 3077 2912 96 vCHj; (asym.)
8 2919m 2919s 3078 2913 2919 w 2917s 3062 2898 3062 2898 94/91 vCHj; (asym.)
9 2857w 2857m,sh 3026 2864 2855 vw 2852 w,sh 3014 2853 3014 2853 89 vCHj;3
10 1622 vs 1661 1629 1617s 1614 msh 1658 1626 1656 1624  82/83 BNH, (sciss.)
11 1649 1617 1594 m,sh 1597 s 1648 1615 1647 1614 62/60 vCC; 30/31 BNH, (sciss.)
12 1591 vs 1590 m 1630 1598 1573s 1630 1597 1629 1597  48/50 vCC; 22/20 BCH; 16 BNH, (rock.)
13 1533 1503 1516 vw 1532 1501 1531 1501 48 BCH; 26/25 vCC; 18/20 BCCC
14 1493 vs 1493 w 1510 1480 1496 vs 1509 1479 1509 1479  52/57 BCHs; 18/17 BCH; 12/10 BNH,
15 1469s 1490 1461 1467 s 1472 m 1483 1454 1483 1454  82/83 BCHj
16 1443m,sh 1447 w,br 1473 1444 1437 m,sh 1440 w,br 1478 1448 1477 1448 44 BCHg; 36/38 BCH; 14/16 PNH,
17 1381w 1378 m 1415 1387 1374 w 1382 m 1405 1377 1405 1377 90/91 BCHj
18 1354 1327 1356 1329 1356 1329 56/60 BCH; 26/23 vCC
19 1314 m 1313m,sh 1342 1315 1309 vw 1313 vw 1346 1319 1345 1319 38/41 vCC; 32/30 BCH; 14/12 BCNHy; 13 BCCH3
20 1293s 1293 m 1319 1292 1282 vw 1284 wsh 1312 1286 1311 1285 50/49 vCN; 22/20 vCC; 20/21 BCCC
21 1170s 1166 m 1195 1171 1262 m 1261s 1195 1171 1195 1171  48/50 BCH; 30 vCC; 12/10 vCN
22 1194 1170 1170 m 1168 m 1187 1164 1187 1164 77/74 BCH; 11/14 vCC
23 1106 w 1133 1111 1143 w 1139 vw 1141 1119 1140 1117  42/43 BCH; 30 BNHy(rock.); 15/16 vCC
24 1077w 1075w 1094 1072 1087 m 1087 m 1105 1083 1104 1082  36/38 BNH, (rock.); 28/30 vCC; 26/24 BCH
25 1038w 1061 1040 1043 vs 1058 s 1056 1035 1056 1035 72/68 yCCHg; 16/19 yCHs; 10 yCH
26 1021 1001 1024 1003 1023 1003 52/51 BCCHg; 24/22 BCNH,; 20/23 BCCC
27 996 m 996 vs 1014 994 999 m 1000 vs 1017 997 1017 997 62 BCCC; 28/25 vCC
28 965 vw 946 927 950 932 950 931 32/35 BCCC; 31/34 BCH; 33/30 vCN+vCC
29 926m 928 vw 943 924 886 w 889 w 904 886 902 884 62/60 yCH; 36 yYCNH,
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Table 4.20 cont.

m-toluidine NiBr,(m-tol),
Exp.* B3LYP/def2-TZVP Exp.** B3LYP/def2-TZVP
No IR Ra Calc. Scaled IR Ra Calc. Scaled Calc. Scaled PED (%) Assignments
30 870m 875 858 862 w 881 864 877 860 63/61 yCH; 34/35 yCNH,
31 855m 856 839 773 vs 849 832 849 832 82/83 yCH; 10 yCCC
32 T75vs 784 w 782 766 733 m 733s 761 746 761 746 64/70 yCH; 15/12 yCCC
33 738s 749 734 748 734 748 734 56/40 BCCC; 22/23 vCN; 14/30 vCC (breath.)
34 691 vs 705 691 690 s 690 m 689 675 689 675 41/45 yCCC; 38 yCH; 13/11 yCNH, (wag.)
35 600 588 919m 920 m 909 891 908 890 60 yNH, (wag.); 21/20 yCCC; 16 yCH
36 557m 559 548 575w 575 vw 589 577 587 575 62/63 yCCC; 26/24 yNH, (wag.)
37 538m 543 m 539 528 549 w 549 m 560 549 558 547 60 vCC+uCN; 27/28 BCCC
38 518 m 526 515 518 s 529 518 529 518 56/49 BCCC; 32/40 vCC
39 431w 449 440 445 m 450 w 448 439 447 438 62/64 yCCC; 18/17 yCH
40 431 422 415s 417 vw 427 418 426 418 81/84 BCCH3+BCNH,
41 294 m 304 298 618 s 608 m 673 660 656 643 83 BNH,(twist.)
42 234m 289 284 297s 297 m 296 290 294 289 83/88 BCCH3+BPNH, (twist.)
43 218 m 223 219 354 m, br 357 m, br 335 328 315 309 81 yCCC+yNH,
44 204 200 215s 220's 218 214 215 211 63/66 yCCHg; 18/16 yCCC; 11/10 yCNH,
194 s 188 184 147 144 87/80 vMN
152m 140 137 125 123 93/91 vMBr

118 115 117 114 63/59 TCNMN; 22/27 yNMBr

107 105 103 101 60 tTCNMN; 36 yYNMBr

106 104 78 TCNMN; 13 yYNMBr

78 77 72 71 72/68 yBrMBr; 20/21 tCNMN

68 67 64 63 48/52 yBrMBr; 44/42 tTCNMN

55 54 54 yNMBr; 21 yCHj (torsion); 16 TCNMN
45 27 26 51 50 50 49 94/95 yCHj (torsion)

42 41 39 39 58/67 yBrMBr; 33/24 tTCNMN

33 32 24 24 51/50 tCNMN; 42 yYNMBr

17 17 7 7 82/80 tCCNM; 15/16 yBrMBr

7 7 91 tCNMN

*Experimental data is taken from Ref. [145], **Experimental data is taken from Ref. [24].
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Table 4.21 Experimental and calculated vibrational frequencies (in cm™) of free m-toluidine and CuBr,(m-tol)..

m-toluidine

CuBr,(m-tol),

Exp.* B3LYP/def2-TZVP Exp.** B3LYP/def2-TZVP
No IR Ra Calc.  Scaled IR Ra Calc. Scaled Calc. Scaled PED (%) Assignments
1 3435s 3652 3457 3296 s 3554 3364 3554 3364 100 vNH, (asym.)
2 3354s 3353 m,br 3556 3366 3353m 3220w 3469 3283 3468 3282 100 uvNH,
3 3034m 3046s 3184 3014 3060w 3062w 3199 3028 3199 3028 98 vCH
4 3015msh 3012s 3169 2999 3020 w 3185 3015 3185 3015 98 vCH
5 3158 2989 2920m 2913w 3178 3008 3178 3008 99/98 vCH
6 2975m,sh 2974 m 3147 2979 2857w 2856w 3169 2999 3169 2999  99/98 vCH
7 2946 m, sh 3104 2938 3109 2943 3109 2943 100 vCHj (asym.)
8 2919m 2919 s 3078 2913 3083 2918 3083 2918 100 vCHj (asym.)
9 2857w 2857 m,sh 3026 2864 3031 2869 3031 2869 99 vCH,
10 1622 vs 1661 1629 1558 s 1561 vw 1635 1603 1631 1599  72/78 BNH, (sciss.); 14 BCNH,
11 1649 1617 1653 1621 1653 1620  60/62 vCC; 16/14 PCH; 14 PNH, (rock.)
12 1591vs 1590 m 1630 1598 1592m 1596 m 1635 1603 1634 1601  52/50 vCC; 32 PNH, (sciss.); 16 pCH
13 1533 1503 1536 1505 1536 1505  48/50 BCH; 22/23 vCC; 14 BNH, (rock.)
14 1493vs 1493w 1510 1480 1491s 1487 w 1510 1480 1510 1480 60 BCHg; 24/23 vCC; 12 BNH,
15 1469s 1490 1461 1463 s 1489 1460 1489 1460  76/80 BCHg; 18/16 PCCH;
16 1443 m,sh 1447 w, br 1473 1444 1445 m 1476 1447 1476 1447  48/46 BCHg; 38/40 PCH; 11/10 BNH,
17 1381w 1378 m 1415 1387 1374 m 1418 1390 1418 1390 90 BCHj
18 1354 1327 1358 1331 1358 1331  72/74 BCH; 19/21 vCC
19 1314 m 1313m,sh 1342 1315 1312 w 1345 1318 1344 1318  50/52 vCC; 18 BCH; 18 PCNH,
20 1293s 1293 m 1319 1292 1254m 1256 m 1277 1252 1277 1252  46/44 vCN; 30/28 PCCC; 20/21 vCC
21 1170s 1166 m 1195 1171 1185 1162 1185 1161  51/50 BCH; 42 vCC+uCN
22 1194 1170 1230vw  1232m 1200 1176 1200 1176 78 BCH; 10/13 vCC
23 1106 w 1133 1111 1130vw 1122w 1165 1142 1163 1140 52 BNHy(rock.); 20/17 BCH; 14/20 vCC
24 1077w 1075 w 1094 1072 1084vs  1085s 1116 1094 1116 1094  40/38 vCC; 32 BNH, (rock.); 19/20 BCH
25 1038w 1061 1040 1032 w 1065 1044 1065 1044  65/66 yCCHg; 22 yCHg; 10 yCH
26 1021 1001 920 m 931 913 929 911  46/49 BCCHg; 23/24 BCNH,; 19/18 BCCC
27 996 m 996 vs 1014 994 1024 1004 1024 1003  46/43 BCCC; 30 BCCHg; 20/22 vCC
28 965 vw 946 927 1000 w 998 m 1010 990 1009 989  42/40 vCCH+CN; 28/26 BCCC; 28/32 BNH,
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Table 4.21 cont.

m-toluidine

CuBr,(m-tol),

Exp.* B3LYP/def2-TZVP Exp.** B3LYP/def2-TZVP
No IR Ra Calc.  Scaled IR Ra Calc. Scaled Calc. Scaled PED (%) Assignments
29 926m 928 vw 943 924 970 951 970 951 80 yCH; 12 yCCC
30 870m 875 858 908 890 907 889 78 yCH; 11/15 yCCC
31 855m 856 839 878 m 890 873 889 872 73 yCH; 23/21 yCCC
32 775vs 784 w 782 766 780 vs 795 779 795 779 76/78 yCH; 12/10 yCCC
33 738s 749 734 724 m 744 729 743 728 36/40 BCCC; 26 vCC; 24 vCN
34 691vs 705 691 693 s 692 w 707 693 706 692 51 yCCC; 29/30 yCH; 12 yNH, (wag.)
35 600 588 1030 1010 1030 1009  72/74 yNH, (wag.); 14 yCCC
36 557m 559 548 584 572 580 569 37/38 yCNH,; 30 yCCHg; 31/30 yCCC
37 538m 543 m 539 528 537 m 549 vw 553 542 548 537 45/40 vCC+uCN; 33 BNH, (wag.); 16/20 BCCC
38 518 m 526 515 474 w 466 m, b 527 517 527 516 58/60 BCCC; 26/22 vCC
39 431w 449 440 440 m 455 446 453 444 66/67 yCCC; 24/23 yCH
40 431 422 389w 360m, b 412 404 408 400 80/85 BCCH3+BCNH,
41 294 m 304 298 670s 645m, b 651 638 630 617 84/86 PNH, (twist.)
42 234 m 289 284 306 w 305w 294 288 287 282 82 BCCH3+BNH, (twist.)
43 218 m 223 219 322s 375 368 344 337 83/80 yCCC+yNH,
237 m 245w 247 242 138 135 93/88 vMBr
44 204 200 218s 224 m, b 220 215 215 211 60/62 yCCHs; 25/27 yCCC
202 m 203 199 173 169 88/83 vMN

127 124 61 vMN; 30 yYNMBr

124 122 118 115 80/76 tTCNMN; 10/13 yYNMBr

111 109 68 yBrMBr; 30 tTCNMN

59 57 50 49 56/54 tCNMN; 40/43 yYNMBr
45 27 26 55 54 35 35 61/40 tTCNMN; 32/58 tTCCNM

28 27 27 26 94 yCHj3 (torsion)

16 16 86 TCNMN; 12 yCHj3 (torsion)

14 13 6 6 62/68 TCNMN; 32/30 yYNMBr

*Experimental data is taken from Ref. [145], **Experimental data is taken from Ref. [25].
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Table 4.22 Experimental and calculated vibrational frequencies (in cm™) of free m-toluidine and ZnBra(m-tol).

m-toluidine

ZnBr,(m-tol),

Exp.* B3LYP/def2-TZVP Exp.** B3LYP/def2-TZVP
No IR Ra Calc. Scaled IR Ra Calc. Scaled Calc. Scaled PED (%) Assignments
1 34355 3652 3457 3265s 3271 m 3567 3376 3547 3357 100 wNH, (asym.)
2 3354s 3353mbr 3556 3366 3218s 3219 m 3482 3296 3473 3288 100/99 vNH,
3 3034m 3046s 3184 3014 3032 w,sh  3048s 3195 3024 3192 3022 98/99 vCH
4 3015m,sh 3012s 3169 2999 3012w, sh  3017w,sh 3180 3010 3177 3007 94/99 vCH
5 3158 2989 3171 3001 3169 3000 93/98 vCH
6 2975m,sh 2974 m 3147 2979 2978 w 2980 w 3168 2998 3161 2992 99 vCH
7 2946m,sh 3104 2938 2949 w 2951 w,sh 3112 2945 3111 2945 97/99 vCH; (asym.)
8 2919m 2919 s 3078 2913 2916 m 2920 s 3084 2919 3081 2916  96/100 vCHj; (asym.)
9 2857w 2857m,sh 3026 2864 2851 w 2859 m 3033 2871 3032 2870 99/98 vCHj
10 1622 vs 1661 1629 1597 s 1599 s 1655 1622 1641 1608  89/83 PNH, (sciss.); 10 vCC
11 1649 1617 1615s 1617 s 1657 1624 1652 1619 64/62 vCC; 21/22 BNH; (rock.); 13/11 BCH
12 1591vs 1590 m 1630 1598 1574 s 1575 w 1636 1604 1634 1602 57/53 vCC; 17/23 BNH; (rock.); 12/13 BCH;
13 1533 1503 1509 vw 1536 1506 1535 1504  53/49 BCH; 34 vCC; 11 BCCC
14 1493vs 1493w 1510 1480 1494 vs 1495 w 1512 1482 1511 1481 61/57 BCHg; 14 vCC; 10/11 BNH,
15 1469s 1490 1461 1470s 1472 vw 1490 1460 1488 1458  70/73 BCHg; 11/22 BCCH;
16 1443m,sh 1447w, br 1473 1444 1442 mssh 1436 w,br 1478 1449 1474 1445 55 BCHs; 21 vCC; 10 BNH,
17 1381w 1378 m 1415 1387 1376 w 1378 s 1419 1391 1417 1389 86/94 BCH3
18 1354 1327 1357 1330 1356 1329 67/71 BCH; 23/16 vCC
19 1314 m 1313m,sh 1342 1315 1306 vw 1312 m 1342 1316 1341 1314  47/46 vCC; 18/20 BCH; 16 BCNH,;14/17 BCCH;3
20 1293s 1293 m 1319 1292 1276 w 1275w 1291 1266 1282 1256  46/49 vCN; 31 vCC; 14/12 BCH
21 1170s 1166 m 1195 1171 1170 m 1170s 1191 1167 1185 1161  50/48 BCH; 35/41 vCC+uCN
22 1194 1170 1256 m 1258 s 1200 1176 1199 1175 72 BCH; 13/11 vCC
23 1106 w 1133 1111 1146 m 1144 m 1156 1134 1152 1129  45/44 BNH, (rock.); 24/21 vCC; 17/20 BCH
24 1077w 1075w 1094 1072 1100 vs 1105 m 1114 1092 1111 1089  41/42 BNH, (rock.); 29/35 vCC; 18/17 BCH
25 1038w 1061 1040 1040 1038 vw 1065 1044 1065 1044  82/77 yCCHg; 11/12 yCH
26 1021 1001 1027 1007 1025 1005 50/46 BCCHs; 22 vCC; 10/15 BCNH,
27 996 m 996 vs 1014 994 996 m 1001 vs 1017 997 1015 995 58/61 vCC; 25/23 BCCC; 12/13 BCCH3
28 965 vw 946 927 933 915 930 912  55/61 CCC; 30/24 vCCHuCN
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Table 4.22 cont.

m-toluidine ZnBr,(m-tol),
Exp.* B3LYP/def2-TZVP Exp.** B3LYP/def2-TZVP
No IR Ra Calc. Scaled IR Ra Calc. Scaled Calc. Scaled PED (%) Assignments
29 926m 928 vw 943 924 916's 919 m 977 958 964 945 84/77 yCH; 12/15 yCCC
30 870m 875 858 890s 886 w 898 880 894 877 60/58 yCH; 31/37 yCCC+yCNH,
31 855m 856 839 868 s 868 w 887 870 874 857 75/87 yCH; 14/10 yCCC
32 T775vs 784 w 782 766 780 vs 778 W 797 781 789 774 85/74 yCH; 10/20 yCCC
33 738s 749 734 728 m 732s 744 730 744 729 52/48 BCCC; 41/47 vCC+HuCN
34 691vs 705 691 688 vs 689 vw 713 699 706 692 62/55 yCCC; 11/25 yCH; 16/10 yCNH, (wag.)
35 600 588 1048 1027 965 946 77/75 yNH; (wag.); 10/11 yCH
36 557m 559 548 570 m 572m 583 572 578 566 40/42 yCNHj; 31/28 yCCHjg; 11 yCCC
37 538m 543 m 539 528 544 m 542 m 553 542 552 541 54/48 BCCC; 26/30 vCN+vCC; 18/20 BCNH,
38 518 m 526 515 520 vw 519s 528 518 527 516 66/67 BCCC; 20/27 vCC
39 431w 449 440 443 m 445 w 456 447 451 442 68/80 yCCC; 16/11 yCH
40 431 422 416 m 419 w 415 407 405 397 78/73 BCCH3+BCNH,; 10/17 BCCC
41 294 m 304 298 646 m 601 589 572 560 84/75 BNH, (twist.); 10/12 BCCC
42 234 m 289 284 226 m 227 m 284 278 275 269 76/81 BCCH3+BNH, (twist.); 13/15 vMBr
43 218 m 223 219 386m 384m 338 331 312 305 80/72 yCCC + yNH, (twist.); 10/14 vMN
293s 296 m 295 289 62 vMBr; 25 BCCC+yNH, (twist.)
44 204 200 216 211 214 210  42/55yCCHs; 21/15 yCCC; 12 yCNH,; 10 yYNMBr
205m 197 vs 200 196 88 uMBr

173 170 166 163 67/76 YMN; 28/20 yCCC+yCCHjs
101 99 88 86 61/68 YMN; 20/16 yBrMBr
79 78 67 65 67/66 TCNMN; 24/28 yYNMBr
45 27 26 57 56 52 51 84/91 yCH; (torsion)
54 53 43 42 37/20 yBrMBr; 37/50 YNMBTr; 24/30 tCNMN
31 30 23 22 59/49 1CCNM; 27/39 yYNMBr
24 23 69 tCCNM; 30 yYNMN
16 16 12 11 82/88 tTCNMN

*Experimental data is taken from Ref. [145], **Experimental data is taken from Ref. [23].
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Table 4.23 Experimental and calculated vibrational frequencies (in cm™) of free m-toluidine and CdBr,(m-tol)..

m-toluidine CdBr,(m-tol),

Exp.* B3LYP/def2-TZVP Exp.** B3LYP/def2-TZVP
No IR Ra Calc.  Scaled IR Ra Calc. Scaled Calc. Scaled PED (%) Assignments
1 3435s 3652 3457 3305s 3306 m 3588 3396 3563 3373 100 vNH, (asym.)
2 3354s 3353 m,br 3556 3366 3248 3246 3500 3313 3487 3300 100/99 wNH,
3 3034m 3046s 3184 3014 3050 w 3051 s 3193 3022 3191 3021 99/98 vCH
4 3015m,sh 3012s 3169 2999 3030 m 3019m,sh 3177 3007 3177 3007 99/98 vCH
5 3158 2989 3169 3000 3168 2999 99/98 vCH
6 2975msh 2974 m 3147 2979 2980w,sh 3164 2994 3159 2990 99 vCH
7 2946 m,sh 3104 2938 2945 vw 3112 2945 3112 2945 100/96 vCHjz (asym.)
8 2919m 2919 s 3078 2913 2918 m 2919 s 3084 2919 3083 2918 99/95 vCHj; (asym.)
9 2857w 2857m,sh 3026 2864 2854 w 2859 w 3031 2869 3030 2867 99 vCHj;
10 1622 vs 1661 1629 1616 s 1617 m 1657 1624 1647 1614  76/70 PNH, (sciss.); 15/16 BCNH,; 10/12 vCC
11 1649 1617 1598 s 1598 m 1655 1622 1650 1618  46/49 vCC; 22/20 BNH; (sciss.); 13/10 pCH
12 1591 vs 1590 m 1630 1598 1572's 1568 vw 1636 1604 1634 1602  48/49 vCC; 30 BNH; (sciss.); 11/10 BCH; 10 BCCC
13 1533 1503 1508 vw 1536 1505 1534 1504  53/50 BCH; 11/14 BCCC; 14/15 BNH,;11/12 BCH;
14 1493 vs 1493 w 1510 1480 1492 vs 1497 w 1511 1481 1510 1480 64/65 BCHs; 23/24 BCH; 12 vCC
15 1469s 1490 1461 1471 s 1478 vw 1492 1462 1491 1461  71/70 BCHas; 23/21 BCCH3
16 1443 msh 1447 w,br 1473 1444 1440 m, br  1436w,br 1475 1446 1474 1445 52/59 BCHs; 20/17 BCH; 14/11 BNH,
17 1381w 1378 m 1415 1387 1376 w 1381 m 1417 1389 1417 1389 92/89 BCHj
18 1354 1327 1357 1330 1356 1330 73/67 BCH; 19/23 vCC
19 1314 m 1313m,sh 1342 1315 1316 vw 1313 w 1342 1315 1340 1314 52/53 vCC; 14/16 BCH; 17/15 BCNH,
20 1293s 1293 m 1319 1292 1276 w 1279 m,sh 1296 1270 1287 1262  48/46 vCN; 26/34 vCC; 12/13 BCCC
21 1170s 1166 m 1195 1171 1191 1167 1187 1164  58/57 BCH; 39/34 vCC+uCN
22 1194 1170 1170 m 1172 m 1199 1175 1198 1175 69/75 BCH; 21/10 vCC
23 1106 w 1133 1111 1152 1129 1148 1126  47/44 PNHy(rock.); 12/20 BCH; 21/17 vCC
24 1077w 1075w 1094 1072 1088 m 1090 m 1112 1090 1109 1087 39/35 vCC; 33/39 BNH; (rock.); 21/22 BCH
25 1038w 1061 1040 1050 vs 1047 s 1066 1044 1064 1043 61/62 yCCHs; 19 yCHg; 12/11 yCH
26 1021 1001 1026 1005 1024 1004  44/49 BCCHg; 26/20 BCCC; 19/17 BCNH,
27 996 m 996 vs 1014 994 998 m,sh 1001 vs 1022 1002 1018 997 74/44 BCCC; 11/36 vCC
28 965 vw 946 927 920's 921w 946 927 931 913  32/38 vCC+uCN; 34/30 BCCC; 22 BNH; (wag.)
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Table 4.23. cont.

m-toluidine CdBr,(m-tol),
Exp.* B3LYP/def2-TZVP Exp.** B3LYP/def2-TZVP
No IR Ra Calc.  Scaled IR Ra Calc. Scaled Calc. Scaled PED (%) Assignments
29 926 m 928 vw 943 924 976 957 964 945 78/82 yCH; 16/10 yCCC
30 870m 875 858 888's 888 vw 911 893 892 874 76/78 yCH; 18/20 yYCNH,
31 855m 856 839 866 m 868 vw 888 870 877 859 81/77 yCH; 10/13 yCCC
32 T775vs 784 w 782 766 778 vs 776 m 794 779 789 773 71/81 yCH; 23/12 yCCC
33 738s 749 734 732m 734 s 744 729 743 729 40/41 BCCC; 24/27 vCC; 19/23 vCN
34 691 vs 705 691 688 vs 687 vw 714 700 708 694 54/60 yCCC; 29/15 yCH; 13 yNH, (wag.)
35 600 588 988 968 864 847 72/68 yYNH, (wag.); 12/20 yCCC; 10/11 yCH
36 557m 559 548 570 m 570 m 582 571 577 566 34/43 yCNH, (wag.); 36 YCCC; 29/19 yCCH3
37 538m 543 m 539 528 548 m 546 m 551 541 551 540 56/34 BCCC; 30/33 BNH; (wag.); 12/22 vCC+uCN
38 518 m 526 515 444 m 527 517 527 516 63/62 BCCC; 33/20 vCC
39 431w 449 440 418 m 454 445 451 442 69/76 yCCC; 17/13 yCH
40 431 422 350 m 411 403 407 399 78/70 BCCH3+pCNH,; 21/27 BCCC
41 294 m 304 298 523s 547 536 522 512 81/87 BNH,(twist.)
42 234 m 289 284 285s 283 m 288 282 283 278 85/81 BCCH3+NH, (twist.)
43 218 m 223 219 302 296 277 271 71/60 yCCC + yNH, (twist.); 16/21 vMN
183 vs 246 241 175 171 94 vMBr
44 204 200 214 m 217 m 213 209 213 208 59/51 yCCHg; 23/25 yCCC; 10 yCNH,
154 m 151 148 138 135 80/87 vMN
71 70 48 yBrMBr; 33 yYNMN; 17 yCHj (torsion)
45 27 26 69 67 58 57 93/94 yCHj3 (torsion)
65 64 41 vMN; 30 tCNMN; 13 yNMBr; 14 yCCHj3
62 61 57 56 66/57 tCCNM; 32/34 yYNMBr
43 42 37 36 37/45 yNMN; 45/33 yBrMBr
29 28 24 23 67/45 tCCNM; 30/42 yYNMBr
19 19 11 11 66/72 tCNMN; 23 yYNMBr
14 14 88 TCNMN

*Experimental data is taken from Ref. [145], **Experimental data is taken from Ref. [23].
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Table 4.24 Experimental and calculated vibrational frequencies (in cm™) of free m-toluidine and HgBr,(m-tol),.

m-toluidine

HgBr,(m-tol),

Exp.* B3LYP/def2-TZVP Exp.** B3LYP/def2-TZVP
No IR Ra Calc. Scaled IR Ra Calc. Scaled Calc. Scaled PED (%) Assignments
1 3435s 3652 3457 3292's 3291w 3620 3427 3592 3400 100 vNH, (asym.)
2 33545 3353 mbr 3556 3366 3222s 3234 m 3527 3338 3510 3322 100 vNH,
3 3034m 3046s 3184 3014 3028 w 3053s 3190 3019 3189 3019 92/96 vCH
4 3015m,sh 3012s 3169 2999 3013w 3176 3006 3174 3005 100/99 vCH
5 3158 2989 3166 2997 3166 2996 85/98 vCH
6 2975m,sh 2974 m 3147 2979 2973 vw 2977 w 3160 2991 3157 2988 99 vCH
7 2946 m,sh 3104 2938 2947w 3108 2942 3107 2941  95/98 vCHj3 (asym.)
8 2919m  2919s 3078 2913 2917 w 2914 s 3082 2917 3081 2916  95/97 vCHj (asym.)
9 2857w  2857msh 3026 2864 2851w 2857w 3030 2867 3029 2867 97/98 vCHj
10 1622 vs 1661 1629 1613 s 1612 m,sh 1658 1625 1649 1616  74/62 BNH, (sciss.); 11/10 BCNHjy; 10/14 vCC
11 1649 1617 1598 m,;sh 1597 s 1653 1620 1648 1615  56/43 vCC; 21/28 PNH, (sciss.) 15/10 BCH
12 1591 vs 1590 m 1630 1598 1568 s 1566 vw,br 1634 1602 1631 1599  65/67 vCC; 17/14 BNH; (rock.); 14/12 BCCC
13 1533 1503 1509 vw 1515 vw 1534 1504 1533 1503  49/40 BCH; 25/31 vCC; 11BNH,;10 BCH3
14 1493 vs 1493 w 1510 1480 1492 vs 1497 vw 1510 1480 1509 1479  56/40 BCHgz; 20/36 vCC; 11/10 BNH,
15 1469s 1490 1461 1472 s 1473 vw 1490 1461 1489 1459  73/70 BCHas; 23/21 BCCH3
16 1443msh 1447 wbr 1473 1444 1437m 1438w, br 1475 1445 1473 1444  51/56 BCHj; 27/24 BCH; 12 BNH,
17 1381w 1378 m 1415 1387 1378 m 1375 m 1417 1389 1416 1388 90/93 BCH;
18 1354 1327 1355 1328 1355 1328  64/61 BCH; 22/23 vCC
19 1314 m 1313m,sh 1342 1315 1313 w 1341 1315 1340 1313  58/45vCC; 19/25 BCNHy; 12 BCCHg; 10/14 BCH
20 1293s 1293 m 1319 1292 1256 w 1253 s 1306 1281 1298 1273  36/39 vCN; 27/22 vCC; 22 BCCC
21 1170s 1166 m 1195 1171 1194 1171 1191 1167  57/52 BCH; 39/32 vCC+ vCN
22 1194 1170 1168 m 1171 1197 1173 1196 1173  74/72 BCH; 14/15 vCC
23 1106 w 1133 1111 1145 1122 1139 1117  42/31 BNH; (rock.); 26/32 vCC; 20/21 BCH
24 1077w 1075 w 1094 1072 1106 1085 1102 1080  39/44 BNH, (rock.); 32/21 vCC; 13/16 BCCH;
25 1038w 1061 1040 1040 vs 1058 s 1064 1043 1063 1042 68/66 yCCHg; 18/17 yCHs; 12 yCH
26 1021 1001 1023 1003 1022 1001  55/56 BCCHs; 17 BCNHy; 19/20 BCCC
27 996 m 996 vs 1014 994 996 m, sh 1000 vs 1018 998 1015 995 65/56 BCCC; 31/37 vCC
28 965 vw 946 927 916s 918 m 946 928 945 926 48/47 BCCC; 37/36 vCC+uCN; 12/15 BCH
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Table 4.24 cont.

m-toluidine HgBr,(m-tol),
Exp.* B3LYP/def2-TZVP Exp.** B3LYP/def2-TZVP
No IR Ra Calc. Scaled IR Ra Calc. Scaled Calc. Scaled PED (%) Assignments
29 926m 928 vw 943 924 969 950 956 937  75/87 yCH; 19/11 yCCC
30 870m 875 858 890 897 w 901 884 894 877 67/68 yCH; 21/20 yCCC
31 855m 856 839 868 870 vw 878 860 872 854 85/79 yCH; 11/14 yCCC
32 775vs 784 w 782 766 778 vs 779w 800 784 785 770 72/74 yCH; 18/14 yCCC
33 738s 749 734 730 m 734 m 755 740 744 729 44/46 BCCC; 21/22 vCC; 21/26 vCN
34 691 vs 705 691 688 vs 690 m 710 696 707 693 64/74 yCCC; 26/22 yCH
35 600 588 858 841 729 715  58/56 yNH, (wag.); 18 yCH; 14/17 yCCC
36 557m 559 548 574 w 579 568 579 567 41/47 yCCC; 26/29 yCNH; (wag.); 25/21 yCCHs
37 538m 543 m 539 528 542 w 550 539 550 539 43/34 BCCC; 33/36 vCC+uCN; 24 BNH, (wag.)
38 518 m 526 515 527 516 526 515 59/68 BCCC; 28/21 vCC
39 431w 449 440 414 w 414 w 452 443 450 441 66/67 yCCC; 20 yCH
40 431 422 376 w,br 361s 405 397 398 390 70/68 BCCH3+BCNH,; 20/23 BCCC
41 294 m 304 298 442 m 444 w 502 492 465 456 84/75 PNH, (twist.); 11/20 BCCC
42 234m 289 284 288 w 287 m 287 281 286 280  87/88 BCCH3+BNH, (twist.)
43 218 m 223 219 247s 264 258 245 240 79 yCCC+yCNH,; 13/14 vMN
241 m 245 240 82 vMBr
44 204 200 212 208 211 207  88/80 yCCC+yCCHj
186 vs 184 181 95 vMBr

109 106 96 94 80/89 vMN
62 60 58 56 77/75 yBrMBr; 20 yYNMBr
54 53 52 51 66/67 tTCCNM; 21/17 yYNMBr

41 40 70 tCNMN; 22 yYNMBr
45 27 26 33 33 28 27 86/80 yCHj (torsion)
31 30 25 24 60/65 TCNMN; 39/33 yCH; (torsion)
23 22 45 yNMBr; 32 tCCNM; 17 yCHj (torsion)
17 17 13 13 70/72 TCNMN; 12/14 yCHj (torsion)
7 7 68 TCNMN; 21 yCHj (torsion)

*Experimental data is taken from Ref. [145], **Experimental data is taken from Ref. [23].
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4.3.5 Vibrational Frequencies of the Metal lodide Complexes of M-toluidine

Vibrational frequencies of Ni, Zn and Cd iodide complexes of m-toluidine are
investigated in this section. Theoretical vibrational spectra of the title compounds;
scaled frequencies versus infrared and Raman intensities are given in Figures 4.18 and
4.19. Furthermore, observed and theoretical vibrational frequencies with the PED (%)

assignments of each complex are provided at the end of this section in Tables 4.24-4.26.
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Figure 4.18 Theoretical IR spectra of m-toluidine and its ioide complexes.
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Figure 4.19 Theoretical Raman spectra of m-toluidine and its ioide complexes.

4.3.5.1 3500-2700 cm™ Region

Consistent with the previous studies, in our computations 3435-3354 cm™ range is
determined for the asymmetric and symmetric NH stretching vibration (vNH) of NH,
for the free m-toluidine [20, 67, 145]. It is already well known that when the nitrogen
atom is involved in coordination, vibrational frequencies of the amino group shift to
upper or lower wavenumbers. And in this study, asymmetric VNH band of free ligand is

lowered in the complexes by 92 cm™ in the Ni complex, 165 cm™ in the Zn complex,
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and 133 cm™ in the Cd complex. Symmetric vNH band is also shifted downward 78 cm™
in the Ni complex, 137 cm™ in the Zn complex, and 113 cm™ in the Cd complex. This
significant negative shift for the vNH band of complexes, attributed to the coordination

occurs through nitrogen atom of the free m-toluidine.

CH stretching vibrations of aromatic benzene ring and methyl group are also seen
in this spectral group [151, 160]. Both of the vibrations are not affected from
coordination, benzene ring and methyl group vCH vibrations of the m-toluidine and its
corresponding complexes are determined respectively in the 3034-2975 cm™ and 2950-

2850 cm'™ regions.
4.3.5.2 1700-600 cm™ Region

NH, scissoring vibrations are generally seen at 1600-1650 cm™ region [18-26, 57,
60, 156, 161]. Similarly, in this study NH, scissoring vibration of the free ligand is
found at 1622 cm™ (very strong IR), and it is lowered in the Ni, Zn, and Cd complexes
by 8 cm™, 23 cm™, and 8 cm™ respectively. Negative shift in the NH, scissoring band is

quite small, when compared with the stretching frequencies.

On the other hand, drastic changes are observed in the vibrational bands of in the
NH, wagging and twisting vibrations when compared with free ligand. Since the
experimental wavenumber of m-toluidine for the NH, wagging is missing, we provide
computed (scaled) frequencies both for the ligand and complexes. This band is 588 cm™
for the m-toluidine and shifted upward to 976 cm™/973 cm™ in the Ni complex, 1037
cm™/949 cm™ in the Zn complex, and 962 cm™/846 cm™ in the Cd complex. And
present calculations assign Ni complex at 985 cm™ (very strong IR), and Cd complex at
963 cm™ (strong IR) different from the work of Altun et. al. (these vibrations were
assigned at 1008 cm™ (very strong IR), 1040 cm™ (strong IR), 1030 cm™ (strong IR) for
the Ni, Zn and Cd complexes respectively) [21].

In a similar manner NH, twisting vibrations of the m-toluidine is found in quite
higher frequencies in the complexes. It is 294 cm™ (medium Raman) for the m-toluidine
and 615 cm™ (strong IR) for the Ni complex, 543 cm™ (medium IR) / 545 cm™ (medium
Raman) for the Cd complex, and 634 cm™ (very strong IR) / 635 cm™ (very weak
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Raman) the Zn complex. Thus this band is shifted upward 321 cm™ for the Ni complex,

251 cm™ for the Cd complex, and 341 cm™ for the Zn complex.

CN stretching is one of the significant bands of this region also affected by
coordination. Computations predict the place of this band at 1293 cm™ (strong IR) /
1293 cm™ (medium Raman) for the m-toluidine and it is lowered by 11 cm™ (Ni
complex), 17 cm™ (Cd complex), and 38 cm™ (Zn complex) consistent with the

previous study [21].

CC stretching, CH, CH3, CCC bending are also mostly seen vibrations of this
spectral region and are not affected from the complex formations, with a few exception.
These exceptions occur with the contribution of the amino group vibrations to these

bands.
4.3.5.3 Below 600 cm™

Although some ligand vibrations (10 of total 45) are also observed below 600 cm™,
metal modes are the remarkable vibrational bands of this region [18-26, 56, 63].
Frequently observed metal modes are the metal-ligand and metal-halogen stretchings,
ligand-metal-ligand or ligand-metal-iodine deformations, and tCNMN  torsional

vibrations.

Metal ligand stretching vibrations (VMN) are found at 206 cm™ (medium IR) and
177 cm™ (medium Raman) for the Ni complex, 159 cm™ (very strong Raman) for the
Zn complex, and 180 cm™ (very strong Raman) for the Cd complex. On the other hand,
in the experimental only study of m-toluidine iodide complexes, these vibrations

determined around 400 cm™ [21].

Metal halogen stretching, i.e. vMI vibrations are observed at 107 cm™ (very
strong Raman) for the Ni complex, 223 cm™ (weak IR) / 221 cm™ (strong Raman) for
the Zn complex, and 209 cm™ (weak IR) for the Cd complex. Therefore this study
predicts 2 metal-ligand and 1 metal-halogen for the Ni complex, 1 metal-ligand and 2
metal-halogen for the Zn complex, and finally 1 metal-ligand and 1 metal-halogen
stretching vibrations for the Cd complex.



Table 4.25 Experimental and calculated vibrational frequencies (in cm™) of free m-toluidine and Nily(m-tol)s.

m-toluidine Nil,(m-tol),

Exp.* B3LYP/def2-TZVP  Exp.** B3LYP/def2-TZVP
No IR Ra Calc. Scaled IR Ra Calc. Scaled Calc. Scaled PED (%) Assignments
1 3435s 3652 3457 3343 m 3465 3280 3461 3276  93/94 vNH, (asym.)
2 3354s 3353m,br 3556 3366 3276s 3278 m 3381 3200 3379 3198 88 uNH,
3 3034m 3046s 3184 3014 3036 w 3044 s 3197 3026 3196 3025 94vCH
4 3015m,sh 3012s 3169 2999 3015vw,sh 3015w 3179 3009 3177 3007 99vCH
5 3158 2989 3162 2993 3162 2993 94 vCH
6 2975m,sh 2974m 3147 2979 2983vw 2982 m 3139 2971 3139 2971 99 vCH
7 2946m,sh 3104 2938 2936vw,sh 3080 2915 3080 2915 94/96 vCHj (asym.)
8 2919m 2919 s 3078 2913 2915 m 2918 m 3065 2901 3064 2900 97/96 vCHjz (asym.)
9 2857w 2857m,sh 3026 2864 2854 w 3016 2855 3016 2855 96/95 vCHjz
10 1622 vs 1661 1629 1614 vs 1613 m 1653 1620 1652 1619  78/75 PNH, (sciss.); 20/22 vCC
11 1649 1617 1560 vs 1633 1601 1633 1601 66 vCC; 20 BCCC; 12 BNH; (rock.)
12 1591 vs 1590 m 1630 1598 1594 vs 1594 m 1648 1615 1646 1613  40/39 BNH; (sciss.); 36/37 vCC
13 1533 1503 1534 1503 1533 1503 59/52 BCH; 120CC; 14/15BNH,; 10/113CH;
14 1493 vs 1493 w 1510 1480 1495 vs 1510 1480 1509 1480 66/57 BCHs; 12/14 BCC; 11/13 BNH,
15 1469s 1490 1461 1466 s 1483 1454 1483 1454  73/75 BCHas; 18/17 BCCHgz
16 1443m,sh 1447w,br 1473 1444 1458's 1479 1450 1479 1450 51/48 BCHg; 20/27 BCH; 13/12 BNH,
17 1381w 1378 m 1415 1387 1377 s 1376 w 1406 1378 1406 1378  88/92 BCH;
18 1354 1327 1357 1330 1357 1330 62/64 BCH; 21 vCC
19 1314 m 1313m,sh 1342 1315 1317 w 1348 1321 1348 1321 45/46 vCC; 18 BCNH,; 17/18 BCCHg; 11 CH
20 1293s 1293 m 1319 1292 1282 w 1302 1276 1301 1276  44/50 vCN; 26/20 vCC; 22/24 BCH
21 1170s 1166 m 1195 1171 1170s 1170vw 1198 1175 1198 1174  50/49 BCH; 21/24 vCC; 11 vCN
22 1194 1170 1189 1166 1189 1165 65/68 BCH; 21/20 vCC
23 1106 w 1133 1111 1160 1138 1157 1134  49/41 BNHjy(rock.); 22/30 vCC; 18/20 BCH
24 1077w 1075w 1094 1072 1085 m 1111 1089 1111 1089  40/41 BNH, (rock.); 33/29 vCC; 18/21 BCH
25 1038w 1061 1040 1058 1037 1057 1036 65/63 yCCH3; 19/20 yCH3; 11/12 yCH
26 1021 1001 1008 vs 1027 1006 1026 1005 44/54 BCCHs; 24/21 BCNH,; 16/15 BCCC
27 996 m 996 vs 1014 994 994 s 1025 1004 1024 1004 57/61 BCCC; 35/30 vCC
28 965 vw 946 927 935 917 935 916 33/36 BCCC; 20 BCH; 23/20 vCN; 20/22 vCC
29 926 m 928vw 943 924 917 vs 917vw 917 899 916 898 72/77 yCH; 18/14 yCCC

elT



Table 4.25 cont.

m-toluidine Nil,(m-tol),
Exp.* B3LYP/def2-TZVP  Exp.** B3LYP/def2-TZVP
No IR Ra Calc. Scaled IR Ra Calc. Scaled Calc. Scaled PED (%) Assignments
30 870m 875 858 889 s 889 872 888 870 71/74 yCH; 22/23 yCCC
31 855m 856 839 866 s 858 841 857 840 84/81 yCH; 10/12 yCCC
32 T75vs 784 w 782 766 787 vs 786 w 767 752 767 751 79 yCH; 12/11 yCCC
33 738s 749 734 731s 732 m 749 734 748 734 65 BCCC; 30/35 vCC+uCN
34 691 vs 705 691 694 vs 696 682 695 681 60/55 yCCC; 20 yCH; 10/12 yCNH, (wag.)
35 600 588 985 vs 996 976 993 973  56/60 yNH2 (wag.); 24/21 yCCC; 11/12 yCCH,4
36 557m 559 548 576 m 592 580 589 578 40/49 yCCC 30/20 yCNH,; 26/14 yCCH,3
37 538m 543 m 539 528 548 m 549 vw 564 553 561 550 36/38 PNH,(wag.); 35/37 vCC+uCN; 20/22 BCCC
38 518 m 526 515 519w 521 vw 529 519 529 518 68 BCCC; 22/21 vCC
39 431w 449 440 445 m 451 442 450 441 66/76 yCCC; 20/12 yCH
40 431 422 408 m 418 410 418 410 85/86 BCCH3+BCNH,
41 294 m 304 298 615s 663 650 646 633 83/80 BNH, (twist.)
42 234m 289 284 291s 289 284 288 282 88/89 BCCH4+BNH, (twist.)
43 218 m 223 219 376/346 m 361 354 339 332 72/78 yCCC + yNH; (twist.) 14/16 vMN
44 204 200 227w 223 219 220 215 75/81 yCCC+yCCHz; 10 vMN
206 m 197 193 84 vMN
177 m 148 145 86 VMN
107 vs 128 125 84 82 74/84 oMI; 12 yYNMI

113 111 108 106 61/53 tTCNMN; 21/32 vMN
92 90 90 88 55/51 vMN; 31 tTCNMN
79 78 76 vMI; 14 vMN
45 27 26 60 59 59 58 82/88 yCHj (torsion)
55 54 52 51 62 yYNMI; 12/14 tCCNM,; 11/13 yCHj (torsion)
50 49 45 44 80/73 TCCNM,; 20/24 yCHjs (torsion)
50 49 33 33 30/51 yNMI; 53/30 tTCNMN
43 42 36 36 53/51 yNMI; 33/32 tCNMN
30 29 26 25 55/65 tTCNMN; 45/22 yNMI

13 13 10 10 53/40 TCNMN; 47/42 yNMI

*Experimental data is taken from Ref. [145], **Experimental data is taken from Ref. [21].
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Table 4.26 Experimental and calculated vibrational frequencies (in cm™) of free m-toluidine and Znly(m-tol),.

m-toluidine Znl,(m-tol),

Exp.* B3LYP/def2-TZVP  Exp.** B3LYP/def2-TZVP
No IR Ra Calc. Scaled IR Ra Calc. Scaled Calc. Scaled PED (%) Assignments
1 3435s 3652 3457 3270 vs 3272m 3562 3372 3546 3356 100 vNH, (asym.)
2 3354s 3353m,br 3556 3366 3217 vs 3218s 3478 3292 3473 3287 100 vNH,
3 3034m 3046s 3184 3014 3046 m 3052 s 3195 3024 3192 3022 97/99 vCH
4 3015m,sh 3012s 3169 2999 3015w 3015s 3181 3011 3177 3007 91/99 vCH
5 3158 2989 3172 3002 3169 3000 90/99 vCH
6 2975 msh 2974 m 3147 2979 2979 vw 2981 m 3166 2997 3164 2995 99 vCH
7 2946 m,sh 3104 2938 2948 vw 3112 2946 3111 2944  93/99 vCHjz (asym.)
8 2919m 2919s 3078 2913 2917 m 2919 3085 2920 3081 2916 93/98 vCHj; (asym.)
9 2857w 2857m,sh 3026 2864 2854 w 2860 m 3033 2870 3032 2870 99/98 vCHj;
10 1622 vs 1661 1629 1599 vs 1602m 1654 1621 1640 1608  76/65 BNH, (sciss.); 13/11 BCNH,; 10/14 vCC
11 1649 1617 1564 vs 1563w 1637 1604 1634 1601 54/51 vCC; 30/37 BNH, (sciss.); 12 BCH
12 1591 vs 1590 m 1630 1598 1614 vs 1615m 1657 1625 1651 1619 63/50 vCC; 13/17 BNH; (rock.); 11/15 BCCC
13 1533 1503 1536 1506 1534 1504 51/50 BCH; 20/23 BCCC; 16/14 vCC
14 1493 vs 1493 w 1510 1480 1494 vs 1511 1482 1510 1480 64/58 BCHg; 18/14 BCH; 12/15 BNH,
15 1469s 1490 1461 1469 s 1490 1461 1488 1458 70 BCHs; 20/22 BCCH;
16 1443m,sh 1447 w,br 1473 1444 1457 s 1478 1449 1474 1445 46/51 BCHg; 21/20 BCH; 17/13 BNH,
17 1381w 1378 m 1415 1387 1377 m 1378 m 1419 1390 1418 1390 88/84 BCHj
18 1354 1327 1357 1330 1356 1330 83/81 BCH
19 1314 m 1313m,sh 1342 1315 1316 vw 1342 1316 1341 1314  54/48 vCC; 16/20BCH; 12/14 BCNH,; 14pCCH;
20 1293s 1293 m 1319 1292 1255s 1257 s 1291 1265 1281 1256  41/49 vCN; 24/21 vCC; 23/21 BCH
21 1170s 1166 m 1195 1171 1162 vw,sh 1190 1166 1185 1161 48 BCH; 31/30 vCN; 20 vCC
22 1194 1170 1170 m 1174m 1201 1177 1199 1175 71 BCH; 17/11 vCC
23 1106 w 1133 1111 1144 m 1147w 1160 1137 1152 1129  48/50 BNH; (rock.); 28/27 vCC; 15/22 BCH
24 1077w 1075w 1094 1072 1090 vs 1095 s 1116 1094 1111 1089 40/38 vCC; 33/39 BNH; (rock.); 21/19 pCH
25 1038w 1061 1040 1040 s 1065 1044 1065 1044  67/72 yCCHs; 19/20 yCHj
26 1021 1001 1001 m 1000vs 1028 1008 1025 1004  49/52 BCCHg; 23/21 BCNHy; 20/23 vCC
27 996 m 996 vs 1014 994 997 m 1018 998 1017 997 42/41 vCC; 34/38 BCCC; 17/10 BCCH3
28  965vw 946 927 914 vs 916 vw 933 914 930 912  52/53 vCCHuCN; 35/30 BCCC
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Table 4.26 cont.

m-toluidine Znly(m-tol),
Exp.* B3LYP/def2-TZVP  Exp.** B3LYP/def2-TZVP
No IR Ra Calc. Scaled IR Ra Calc. Scaled Calc. Scaled PED (%) Assignments
29 926 m 928 vw 943 924 966 m 979 959 965 946 73/82 yCH; 17/10 yCCC
30 870m 875 858 890s 892vw 901 883 897 879 72/71 yCH; 15/17 yCCC
31 855m 856 839 868 vs 872vw 890 872 873 856 86/84 yCH
32 T775vs 784w 782 766 772 vs 798 782 791 775 74/77 yCH; 10/14 yCCC
33 738s 749 734 728's 732s 744 729 744 729 54/57 BCCC; 40/41 vCC+uCN
34 691 vs 705 691 689 vs 693vw 715 701 706 692 49/53 yCCC; 30/20 yCH; 10/12 yCNH, (wag.)
35 600 588 1058 1037 968 949 86/72 yYNH, (wag.); 10/19 yCCC
36 557m 559 548 568 m 571 m 585 573 579 567 47/41 yCNH,; 26/24 yCCHg; 20/24 yCCC
37 538m 543 m 539 528 542 m 543 m 553 542 552 541 37/41 BNHy(wag.); 25/21vCC; 20 BCCC; 100CN
38 518 m 526 515 520 vw 520 m 529 518 527 516 58/61 BCCC; 27/32 vCC
39 431w 449 440 441 m 447 w 456 447 452 443 76/70 yCCC; 12/17 yCH
40 431 422 411 m 415 m 414 406 406 398 83/85 BCCH3+BCNH,
41 294 m 304 298 634 vs 635vw 603 591 573 562 86/80 PNH, (twist.)
42 234'm 289 284 287 vs 288 m 287 282 282 277 85/87 BCCH; + BNH, (twist.)
43 218 m 223 219 340 vw 307w 338 332 312 306  78/72 yCCC + yNH, (twist.); 21/10 vMN
223 w 221s 235 230 149 146 89/74 vMI; 10/18 TCNMN
44 204 200 216 w 216 211 215 210 63/51 yCCHg; 20 yCCC; 10/23 yCNH,

159 vs 180 176 164 161 75/84 vMN; 15/13 yCCC+yCNH,

97 95 80 79 71/55 vMN; 30/42 tTCNMN

75 73 67 66 61/55 tCNMN; 25/31 yNMI

45 27 26 50 49 37 36 91/94 yCHj (torsion)

48 47 41 40 59/41 yNMI; 33/44 tCNMN

32 31 28 27 68/64 TCCNM; 16/22 yNMI

21 20 16 16 53/52 tTCNMN; 38/30 tCCNM

13 13 73 tCNMN; 23 yNMI

*Experimental data is taken from Ref. [145], **Experimental data is taken from Ref. [21].
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Table 4.27 Experimental and calculated vibrational frequencies (in cm™) of free m-toluidine and Cdl,(m-tol),.

m-toluidine Cdl,(m-tol),

Exp.* B3LYP/def2-TZVP Exp.** B3LYP/def2-TZVP
No IR Ra Calc. Scaled IR Ra Calc. Scaled Calc. Scaled PED (%) Assignments
1 3435s 3652 3457 3302 m 3305m 3586 3394 3563 3373 100 vNH; (asym.)
2 3354s 3353 mbr 3556 3366 3241 m 3243s 3498 3311 3486 3300 100 vNH,
3 3034m 3046s 3184 3014 3045w 3046 s 3193 3022 3192 3021 99/98 vCH
4 3015m,sh 3012s 3169 2999 3014 w 3015 m 3177 3007 3176 3006 99 vCH
5 3158 2989 3169 2999 3169 2999  98/99 vCH
6 2975m,sh 2974 m 3147 2979 2967 vw 2976 w 3166 2996 3162 2993 99 vCH
7 2946m,sh 3104 2938 2939 vw 3112 2946 3111 2945  99/95 vCHj; (asym.)
8 2919m 2919 s 3078 2913 2914 w 2917 s 3085 2920 3082 2917  98/94 vCHj; (asym.)
9 2857w 2857m,sh 3026 2864 2854 w 2859 m,sh 3032 2869 3029 2867 99 vCHj;
10 1622 vs 1661 1629 1614 vs 1616's 1656 1623 1643 1610 76/64 PNH, (sciss.); 14/15 BCNH,
11 1649 1617 1596 vs 1596 s 1654 1622 1650 1617 59/53 vCC; 21 BNH; (sciss.); 12/10 BCH
12 1591vs 1590 m 1630 1598 1565 vs 1636 1603 1632 1600 58/55vCC; 12 BCH; 15/17 BNH; (rock.)
13 1533 1503 1535 1505 1534 1504  49/42 BCH; 27/30 vCC; 12/10 BCCC
14 1493 vs 1493 w 1510 1480 1492 vs 1494 w 1510 1480 1509 1479 56/51 BCHa; 21 BCH; 12 vCC
15 1469s 1490 1461 1467 s 1470 w 1492 1462 1490 1460 73/71 BCHs; 20/18 BCCH;y
16 1443m,sh 1447 w, br 1473 1444 1438 m 1443 w 1475 1446 1473 1444  56/48 BCHs; 26/30 vCC; 11 BNH,
17 1381w 1378 m 1415 1387 1374 m 1382 m 1418 1390 1417 1388 93/92 BCH;
18 1354 1327 1357 1330 1356 1329 75/71 BCH; 12 vCC
19 1314 m 1313 m, sh 1342 1315 1315 m 1317 w 1341 1315 1340 1314 48/49 vCC; 22 BCH; 14/11 BCNH,; 12/13 BCCHj3
20 1293s 1293 m 1319 1292 1276 m 1278 m 1296 1271 1287 1262  37/40 vCN; 24/23 vCC; 18/13 BCCC; 13/10 BCH
21 1170s 1166 m 1195 1171 1171s 1172 m 1199 1175 1199 1175  70/68 BCH; 10/15 vCC; 11/10 vCN
22 1194 1170 1160 m 1163w,sh 1192 1169 1188 1164 48/45 BCH; 40/49 vCC+uCN
23 1106 w 1133 1111 1106 w 1151 1128 1148 1125  44/48 BNH,(rock.); 20/31 BCH; 23/13 vCC
24 1077 w 1075 w 1094 1072 1087 s 1087 m 1111 1089 1108 1086  40/42 BNH; (rock.); 28/26 vCC; 20/22 BCH
25 1038w 1061 1040 1030 vs 1030s 1065 1044 1065 1044  60/65 yCCHs; 21/15 yCHg; 10/11 yCH
26 1021 1001 1025 1005 1024 1004 49/47 BCCHs; 27 BCCC; 17/20 BCNH,
27 996 m 996 vs 1014 994 998 vs 1000 vs 1021 1001 1017 997 62/57 BCCC; 29/33 vCC
28 965 vw 946 927 919 vs 921'm 947 928 930 912  45/46 vCC+uCN; 30/31 BCCC; 10 BCNH,
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Table 4.27 cont.

m-toluidine Cdl,(m-tol),
Exp.* B3LYP/def2-TZVP Exp.** B3LYP/def2-TZVP
No IR Ra Calc. Scaled IR Ra Calc. Scaled Calc. Scaled PED (%) Assignments
29 926m 928 vw 943 924 976 957 964 945 72/79 yCH; 17/12 yCCC+yCNH,
30 870m 875 858 888 vs 885 m 913 895 891 873 72/76 yCH; 21/15 yCCC+yCNH,
31 855m 856 839 867 s 870 vw 890 872 874 857 75/69 yCH; 21/25 yCCC+yCNH,
32 T775vs 784w 782 766 777 vs 777 m 795 779 790 774 67/74 yCH; 30/23 yCCC+yCNH,
33 738s 749 734 730s 734s 744 729 743 728 59/52 vCC+uCN; 31/40 BCCC
34 691vs 705 691 689 vs 716 702 709 695  62/55yCCC; 10/25 yCH; 10/11yCNH, (wag.)
35 600 588 963s 981 962 863 846  67/69 YNH, (wag.); 23 yCCC
36 557m 559 548 583 vs 582 570 578 567 76/73 yCCC+yCNH; ; 20/23 yCCHj
37 538m 543 m 539 528 556 vs 567 m 552 541 551 540 50/42 BCCC; 23/30 vCCH+uCN; 12/14 PNH,
38 518 m 526 515 518 w 522's 527 517 526 516 64/65 BCCC; 23/24 vCC
39 431w 449 440 444 m 446 m 455 446 452 443 69/70 yCCC; 17/16 yCH
40 431 422 415m 418 m 410 401 402 394 81/86 BCCH3+BCNH,
41 294 m 304 298 543 m 545 m 541 530 516 505 79/72 BNH, (twist.); 12/15 BCCC
42 234m 289 284 283 m 285m 287 281 277 272 89/81 BCCH3+BCNH,
43 218 m 223 219 341m 299 293 276 270 67/72 yCCC + yCNHp; 15/11 vMN
44 204 200 219m 221s 214 210 213 209 49/54 yCCHg; 23 yCCC; 17 yCNH,
209 w 204 200 92 vMI
180 vs 146 143 139 136 69/75 vMN; 18/14 yCNH,+yCCHgy
122 vs 128 126 87 YNMI+yIMI
69 68 62 61 64/44 TCNMN; 31/25 yNMI; 0/30 yCHj (torsion)
45 27 26 61 59 16 16 89/87 yCH3 (torsion)

57 56 45 44 59/68 TCCNM; 22/14 yNMI
39 39 34 34 44/29 yIMI; 20/31 tCNMN; 20/23 yNMI

28 28 23 23 57/53 tCCNM; 38/33 yNMI

20 20 15 15  57/41 tCNMN; 21/10 tCCNM; 17/31 yCHa(torsion)
10 10 84 TCNMN

*Experimental data is taken from Ref. [145], **Experimental data is taken from Ref. [21].
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4.3.6 Comparison Between Computed Vibrational Frequencies and the Observed

Frequencies in the Title Compounds

As mentioned in Chapter 3, DFT calculations generally neglect anharmonicity and
overestimate the experimental frequencies. In this section we compare experimental and
computed vibrational frequencies for all our twenty transition metal complexes by
means of mean absolute errors (MAE), and linear correlation coefficients (R?). As it is
well known, obtaining smaller MAE values and finding R? values very close to 1 mean
our systematic computational study is in agreement with the experimental data.
Therefore, we try to find an answer to this question: Which transition metal halide
complex(es) can be more accurately estimated by B3LYP/def2-TZVP method in terms

of their vibrational frequencies?

Table 4.28 The MAE and the R? values for the title complexes.

Unscaled Frequencies Scaled Frequencies

MAE  MAE* R? MAE  MAE* R?
MnBr,(p-tol), 59.05 25.44 0.9980 21.82 14.84 0.9989
CoBry(p-tol),  64.05 2577 | 0.9977 23.29 1397  0.9987
NiBr,(p-tol), 50.88 22.16 0.9984 19.38 16.78 0.9991
CuBr;(p-tol), 61.28 28.38 0.9982 23.40 17.02 0.9991
ZnBr,(p-tol), 65.97 29.32 0.9978 25.92 14.00 0.9984
CdBr,(p-tol), 63.47 26.56 0.9979 23.12 10.70 0.9985
HgBr(p-tol), 63.92 25.11 0.9977 24.87 9.49 0.9983
Nil,(p-tol); 65.04 42.14  0.9978 28.94 26.11  0.9979
Znl,(p-tol), 61.81 24.96 0.9979 22.26 13.09 0.9989
Cdl,(p-tol), 61.14 2822  0.9978 21.61 1343 0.9988
MnBry(m-tol),  49.68 21.66 0.9992 11.72 10.53 0.9997
CoBr,(m-tol), 48.21 24.09 0.9978 15.26 12.97 0.9993
NiBr,(m-tol), 45.10 22.75 0.9988 16.16 15.28 0.9994
CuBry(m-tol), 58.31 24.96 0.9974 23.23 13.26 0.9984
ZnBr,(m-tol), 60.89 25.71 0.9977 17.64 14.21 0.9990
CdBr,(m-tol), 62.50 27.30 0.9985 15.69 12.10 0.9994
HgBry(m-tol), ~ 65.44 25.99 0.9981 18.48 12.68 0.9991
Nil,(m-tol), 45.75 20.18 0.9992 15.30 12.52 0.9996
Znly(m-tol), 55.48 21.76 0.9984 12.58 8.42 0.9995
Cdl,(m-tol), 56.48 22.89 0.9986 14.01 10.17 0.9995

*- Mean Absolute Error for the vibrations below 1700 cm™.
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In Table 4.28 we provide a comparison for calculated and scaled frequencies and
give linear correlation coefficients for both of them. MAE values are also provided for
all vibrations and for the vibrations below 1700 cm™. In addition to this, in order to
follow the table easily, we have underlined some results with specific colors, such as
best result is painted with pink and second best with yellow, whereas the worst result is

painted with green and the second worst result with blue.

As seen from the table, all R? values are close to 1, but in MnBry(m-tol); it is very
close, being greater than 0,999 for both scaled and unscaled frequencies. If we look at
the MAE values, we see that NiBry(m-tol), gives the best result for the unscaled
frequencies, and after a scaling procedure, this time MnBry(m-tol), gives best result. For
the frequencies below 1700 cm™, the results of Nily(m-tol), (for the unscaled) and
Znly(m-tol), (for the scaled frequencies) are in very good agreement with the
experimental data. For the unscaled frequencies, the worst result is obtained in ZnBr,(p-
tol), with a MAE value 65.97 cm™, and for the scaled frequencies Nilx(p-tol), has the
biggest MAE value as 28.94 cm™.

Thus according to the table, computed frequencies for the transition metal
complexes of m-toluidine are better than p-toluidine complexes. And for all complexes,
the overall average shift with respect to the experimental data is ~58 cm™ for the
unscaled frequencies, and after a scaling procedure this shift is lowered to ~19 cm™.
Furthermore, below 1700 cm™, this result is better; for the unscaled frequencies shift is
25 cm™ and for the scaled frequencies, it is 13 cm™, being in a good agreement with the

experimental frequencies.



CHAPTER 5

CONCLUDING REMARKS

A systematic DFT study on twenty different transition metal complexes have been
performed and molecular structures, charge, spin distributions and vibrational frequencies

of these complexes are elucidated. Significant results are summarized below.

Cobalt, copper, zinc, cadmium and mercury complexes are found to have tetra-
coordinate structures. Among these, CoBry(m-tol),, CuBr,(p-tol),, and CuBr,(m-tol),
have square planar geometries, whilst others have distorted tetrahedral structures. In
addition to this, nickel complexes have octahedral coordination around the Ni atom, by
sharing two Br/l atoms of the neighboring complexes; however manganese complexes
have 5-coordinate polymeric bridged structure around the Mn atom, by sharing one Br

atom of the neighbor complex.

Spin analysis is only performed for the open-shell complexes, and the complexes
generally have high spins, except cobalt bromide complex of m-toluidine. DFT
calculations predict Mn complexes as sextet (S=5/2), Ni complexes as triplet (S=1), Co
complex of p-toluidine as quartet (S=3/2) and Co complex of m-toluidine as doublet
(S=1/2), and also Cu complexes as doublet (S=1/2). The unpaired spins are mostly
accumulated on metal atoms as expected, and the remaining amount is generally located

on halogen atoms.

As for the charge distribution, Mulliken, NBO and APT charge analysis methods
are performed. According to the calculations NBO results are not reliable for our metal
iodide complexes, and also for the cadmium and mercury bromide complexes.

That is, natural charge results fail in heavy atoms at B3LYP/def2-TZVP level.
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Most probably pseudopotential/ECP which is utilized in the def2-TZVP basis set for the
heavy atoms caused this unfavourable result. Mulliken method also has some
deficiencies, e.g. in copper and cobalt complexes. Therefore, it can be said that, in terms
of having physically most meaningful results, APT method is more trustworthy by
showing the most positive charges on metal atoms, and the most negative charges on the

nitrogen atoms and halogens.

In the vibrational spectra of experimental-only studies some assignments were not
determined correctly. However, we provide a full vibrational assignment (with PED %)
of the title complexes for the first time, by means of density functional calculations. To
give an example, although metal-ligand strectching vibrations, i.e. YMN were generally
assigned in the 600-400 cm™ region in the experimental only studies, present
computations predict these bands in lower wavenumbers for all of the title complexes.
Therefore, the present study allows accurate assignments of the vibrational bands,

which otherwise assigned tentatively in experimental-only studies.

As an evidence of complex formation between metal (I1) halides and the ligands
p-toluidine and m-toludine, some modes originating from ligands show substantial
shifts in the vibrational frequencies of complexes. These modes are generally amino
group frequencies, shift lower or higher wavenumbers, which show coordination occurs

via nitrogen atom of the free ligands.

Additionally, if the computed frequencies of the complexes compared with the
experimental data, one can explicitly see that computed vibrational frequencies of m-
toludine complexes are compatible than the p-toluidine complexes. Mn and Ni
complexes of m-toluidine provide best vibrational frequency results with the

B3LYP/def2-TZVP method, among the twenty transtion metal complexes.

As a final comment, density functional theory finds a good compromise in terms
of accuracy and the computational cost. Nevertheless, despite the B3LYP/def2-TZVP
level calculations for the molecular structures and vibrational frequencies of the
transition metal complexes are feasible, this study can be extended with different
functionals and basis sets for investigating various molecular properties of the

analogous transition metal systems.
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