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DENSITY FUNCTIONAL THEORY STUDIES ON STRUCTURAL
AND SPECTRAL CHARACTERISTICS OF 0-ANISIDINE

Kiibra FEVZIOGLU

M.S. Thesis — Physics
July 2015

Thesis Supervisor: Assoc. Prof. Ahmet ALTUN

Co-Supervisor: Prof. Naz Mohammed ATABAY

ABSTRACT

The molecular structures, vibrational spectra (IR and Raman), UV-Vis electronic
absorption spectra, and NMR spectra (°C and 'H) of o-anisidine have been investigated
in terms of density functional theory by using B3LYP as a density functional and 6-
311++G** as a basis set. Two stable and virtually degenerate conformers arising from
non-planarity of the amino group have been located at the room temperature for o-
anisidine. The calculated spectroscopic characteristics of these conformers have been
found almost identical. All normal modes of o-anisidine have been assigned expressing
percent contributions of the internal motions. All main transitions in the electronic
absorption spectrum of o-anisidine have been assigned in terms of the present
calculations. Solution has been shown to affect the unoccupied orbitals of o-anisidine
drastically, which shift all electronic absorption bands to longer wavelengths. Solution
increases ionization potential of o-anisidine but decreases its electron affinity. The
present chemical shift calculations allow certain assignments of the experimental *C
and '"H NMR signals of o-anisidine. The frontier molecular orbital, molecular
electrostatic potential map, and atomic charge (Mulliken, ESP, and NBO) analyses have
been shown useful in estimating both global and atom-in-molecule characteristics of o-
anisidine. The high correlations between experimental and the present computational
spectral data allow one to follow the computational route presented in this study for
studying spectroscopic characteristics of analogous compounds.

Keywords: o-Anisidine, Density Functional Theory (DFT), Infrared, Raman, Normal
mode, UV-Vis, NMR
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0-ANISIDIN MOLEKULUNUN YAPISAL VE SPEKTRAL
KARAKTERISTIKLERININ YOGUNLUK FONKSIiYONEL TEORI
ILE INCELENMESI

Kiibra FEVZIOGLU

Yiiksek Lisans Tezi — Physics
February 2014

Tez Danigsmani: Dog. Dr. Ahmet ALTUN

Es Danigman: Prof. Dr. Naz Mohammed ATABAY

(0Y/

o-Anisidin molekiiliiniin geometrik yapisi, titresim (IR ve Raman), UV-Vis
elektronik sogurma ve NMR ("*C ve 'H) spektrumlari yogunluk fonksiyonel teori ile
B3LYP yogunluk fonksiyoneli ve 6-311++G** temel kiimesi kullanilarak elde edildi. o-
Anisidinin oda sicakliginda amino grubunun diizlemsel olmamasindan kaynaklanan
ayni enerjetik kararliga sahip iki konformeri bulundu. o-Anisidinin biitiin normal
modlar1 i¢ hareketlerin yiizdelik katkilar1 verilerek tanimlandi. o-Anisidinin elektronik
sogurma spektrumundaki biitiin ana gecisler hesap sonuclarina dayali olarak tanimlandi.
Cozeltinin 6zellikle dolu olmayan molekiiler orbitalleri etkileyerek biitiin elektronik
sogurma bandlarin1 uzun dalgaboylarina kaydirdigi bulundu. Cozeltinin ayrica o-
anisidinin iyonlasma potansiyelini arttirirken elektron ilgisini azalttigi bulundu. o-
Anisidinin kimyasal kayma hesaplamalar1 deneysel BC ve '"H NMR sinyallerinin kesin
tanimina yol a¢mustir. Onciil molekiiler orbital, molekiiler elektrostatik potansiyel
haritasi, ve atomik yiik (Mulliken, ESP ve NBO) analizleri o-anisidinin hem global
hemde atomik seviyedeki Ozelliklerinin ortaya konulmasini saglamistir. o-Anisidinin
deneysel ve teorik spektral verileri arasindaki yiiksek korelasyon bu c¢alismada takip
edilen hesap protokollerinin benzer molekiillerin spektroskopik karakteristiklerinin
bulunmasinda kullanilabilecegini géstermektedir.

Anahtar Kelimeler: o-Anisidin, Yogunluk fonksiyonel teori, Infrared, Raman,
Normal mod, UV-Vis, NMR
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CHAPTER 1

INTRODUCTION

Aniline is an organic compound that has a chemical formula of CcH7N. It is also
known as aminobenzene, phenylamine, and benzenamine. It is the simplest amine with
an aromatic ring. Aromatic amines are very important in biological as well as materials
science. Aniline and its derivatives are of great industrial importance, particularly in the
pharmaceutical and several other chemical industries. Investigations on the structures
and vibrations of aniline derivatives in both ground and excited states attract
considerable attention since they provide invaluable information about the nature of

their molecular properties and chemical reactions that they undergo [1-10].

H4 H

H,C

Z -

H/ \H
Conf1 Conf2

Figure 1.1 Two possible conformations of o-anisidine.



o-Anisidine, known also as 2-methoxyaniline, is an —OCH3 derivative of aniline at
the ortho position (see Figure 1.1). Although many pigments and dyes that are widely
used in printing, and paper and textile dyeing are manufactured using o-anisidine, it is
an industrial and environmental pollutant causing tumors of the urinary bladder in rats
and mice, with potent carcinogenicity to human. In addition to its release from textiles
and leather products, cigarette smoke releases also this carcinogen. o-Anisidine exhibits
many other toxic effects, including hematological changes, anemia, and nephrotoxicity.
It is also mutagenic to Salmonella. Hepatic microsomal cytochrome P450 enzymes in
human, rat, and rabbit play an important role in the detoxication of this carcinogen [11-

14].

Density functional theory (DFT) calculations with hybrid functionals like B3LYP
are known to give quite accurate results for the geometrical and spectral characteristics
of molecular systems. In this thesis, after a brief description of DFT and the
fundamentals of vibrational spectra, we investigate structural and spectral
characteristics of o-anisidine with the B3LYP functional. The theoretically investigated
molecular characteristics include conformational stabilities, key geometry parameters,
charge distributions, vibrational spectra (both IR and Raman), electronic absorption

1 1 .
spectra, and 'H and °C nuclear magnetic resonance spectra.



CHAPTER 2

THEORY

2.1 DENSITY FUNCTIONAL THEORY

Density functional theory (DFT) is a quantum mechanical method and determines
many-body interacting system for the ground state properties via electronic density
rather than many-body wave function. It is based on Hohenberg-Kohn theorem which
expresses that all electronic properties of both ground and excited states can be

determined by electron density p(r) at any position 7 in the space. Unfortunately, the

Hohenberg-Kohn theorem does not describe how to calculate the electron density. The
way of obtaining the electron density is given by Kohn and Sham formalism [15-18].

The ground state electron density p(7) can be written in terms of the one-electron

spatial orbitals y (F ) called Kohn-Sham (KS) orbitals as

p(r)=3 v (7] e
i=1
This allows reducing many-electron equation to one-electron equation as
_hz o’ NZS e’ J.@dqu/ (*)W(F) gy/(F) (2.2)
0 S=1 rSl 471-8 r12 ’ e .

where & corresponds to the KS orbital energy, the first term in Eq (2.2) is the kinetic
energy, the second term is the electron-nucleus attraction with the sum over all N nuclei

with the atomic number Z, the third term is the electron-electron Coulomb interaction,



and the last term Vxc is the exchange-correlation (XC) potential, which is the functional

derivative of the exchange-correlation energy [19-21].

Although DFT is exact, the functional form of the XC energy is not known.
Therefore, many approximations, like Local density approximation (LDA), Generalized
gradient approximation (GGA), and hybrid density functional, have been proposed for
calculating the XC energy. For molecular systems, a remarkable accuracy has been
achieved by hybrid density functionals. One of the most widely used hybrid density
functionals is Becke’s three-parameter exchange functional combined with Lee-Yang-

Parr correlation functional known as B3LYP.

The Kohn-Sham equations are in general solved self-consistently. One starts with
a set of trial KS orbitals of y (F ) that yield electron density according to Eq.(2.1). With
the resulting electron density, XC potential is calculated. These are inserted into Eq.
(2.2) for obtaining the w}(?) functions. From these new one-electron functions, an

improved electron density is calculated through Eq. (2.1). This procedure is repeated
until the electron density and XC energy are converged within some certain tolerances
[22, 23]. The KS orbitals can be computed numerically or they can be expressed in term

of a set of basis functions at each iteration.

2.2 VIBRATIONAL SPECTROSCOPY
2.2.1 Fundamentals of Vibrational Spectra

The atoms of a molecule are in motion due to translational, rotational, and
vibrational degrees of freedom. As each atom is defined with 3 degrees of freedom (x,
y, and z), a molecule with N atoms has 3N degrees of freedom [24]. Three of those
correspond to translation of the molecule while two and three of them are for rotational
motion for linear and nonlinear molecules, respectively. The remaining 3N-5 or 3N-6
degrees of freedom are for the vibrations of linear and non-linear molecules,

respectively.



When a molecule is excited vibrationally, its potential energy depends on the

displacements of all the atoms from their equilibrium positions and can be written as

ou 1 o’U
U=U(0)+ 2[37 lxi +Ez[ax o™ lxix - (2.3)
i i i

L,]

Here the sum is over all the displacements. The zero subscript represents expansion
around equilibrium bond lengths. Since the potential curve has a minimum at the
equilibrium, the first derivatives are all zero. The change in potential energy for the

small displacements from equilibrium is thus

1 U
U=— k..X.X.; k.= 24
2,2;‘ v J [axiale (2.4)

here ki is generalized force constant. These kj; constants form the Hessian matrix. For
local minimum this matrix has positive values, while it has negative values for saddle

point. The mass-weighted coordinates are defined as

(2.5)

Xi:—
Vmi

here m; is the mass of the displaced atom by x; In terms of the mass-weighted

coordinates, potential energy and force constants can be expressed as

1 ki 0°U
U==)>» K.qq,; K =—"~I—= (2.6)
2 Z]: i1t ij /mimj (aqiaqj l

while the total kinetic energy takes the form

T:%Zmi)'(f =%2q3 (2.7)

Therefore, the total energy becomes

1 1
E==Y¢+-Y Kaqq. (2.8)
) i ) . ity



For avoiding the difficulties in calculating the energies with Eq. (2.8) due to
cross terms with different i and j, new coordinate sets expressed as the linear
combinations of mass-weighted coordinates of the cross terms called normal
coordinates Q can be defined, which allows writing the total energy without cross-term

as
15,1 2
E:EZQI. +52/11Qi (2.9)
Quantum mechanical solution of this harmonic potential yields
1
E =\v+=|hw; o=A; v=012,.. 2.10
[ , 2] ook, 2.10)

These harmonic oscillator energy levels are equally spaced. However, for large
displacements from equilibrium, the energetic separation between the adjacent levels

becomes smaller while moving to the higher vibrational levels [25].

2.2.2 Infrared Spectroscopy

Infrared spectroscopy gives particular information about the structure of the
molecules by absorption of the incident light in the infrared region of electromagnetic
radiation via molecular vibration that cause a change in the dipole moment of the
molecule [26, 27]. The process is controlled by the electrical dipole moment. The
molecular dipole moment changing by normal coordinates around an equilibrium

displacement can be written as

ou 1 u
= U, + — | Q += — | Q7 +... 2.11
1=y ,Z(aQilQ’ ZIZ[BQ? K 2.11)
where U is dipole moment of the system in equilibrium and termed as permanent dipole
moment. For the small displacements from the equilibrium positions, the quadratic and

higher order terms may be neglected. The electric dipole transition moment will then be



(00../...0| ]00...v,...0) = [aa_g l viev) (2.12)

1

Therefore, for a transition to be infrared active, the dipole moment must change along

normal coordinates, i.e.

[s_g] £0 (2.13)

with the selection rule of Av=t1. However, for an anharmonic oscillator, there is no
restriction on Av. According to Boltzmann distribution, the population of v=1 state is
just about one per cent of the ground state population (v = 1) at the room temperature.
Therefore, the absorptions from v = 1 and higher levels do not contribute much to the

spectrum. The main transitions from v =0 to v = 1 are called fundamental transition.

2.2.3 Raman Spectroscopy

When a monochromatic light is sent onto a molecule, the photons are mostly
scattered elastically having the same energy as the incident photons (Rayleigh
scattering). A small fraction of photons (about 1 photon among ten millions photons)
are scattered inelastically (Raman Scattering). In this case, if the incident photon energy
excites the molecule vibrationally, this causes scattered photons that are diminished in
energy by the amount of the vibrational transition energies (Stokes shift). If the
scattered photon energy is higher than the incident one due to excitations from the
excited state vibrational levels, the energy shift in such weak transitions is called anti-

Stokes shift.



S

Rayleigh Raman Scattering
Scattering Stokes Anti-stokes

Y Y N N s

/4 h h V g,

Figure 2.1 Scattering due to collision of photons and molecules.

An electromagnetic radiation with an electric field £ perturbs charged particles of

a molecule causing an induced moment L.
u=ok (2.14)

where « is the polarizability. When a molecule undergoes some internal motion like
vibration or rotation, the polarizability will be changed periodically. The molecular
polarizability o can be expanded in terms of normal coordinates like Eq. (2.12). In this

case, the transition dipole moment will be

(00..v/...0| £[00..v,...0) [%‘ l Ve lv,)E (2.15)

i

Therefore, a transition is Raman active if the polarizability change along the normal

coordinates, i.e.

do
(a—Qil #0 (2.16)

with the selection rule of Av=tl for harmonic oscillations. Again, for the anharmonic

vibrations, there is no restriction on Av.



23 SKELETAL AND GROUP VIBRATIONS

In some vibrational modes, almost all atoms undergo approximately the same
displacement, called as skeletal vibration. However, in some modes, a small group of
atoms move independently from the remainder, called as characteristic group vibrations.
The skeletal vibrations mostly occur in the 1400-700 cm™ range, which is sometimes
called as fingerprint region because the vibrations in this region give distinctive
information about the molecular structure. If any group in a molecule has heavier (Cl,
Br, F, etc.) or lighter atoms (OH, NH, NH,, CHj3, etc.), these groups have independent
movement than the remainder of the molecule. The frequencies of such groups appear
in the 3700-1500 cm™ range, which is also called as functional group frequency region

[28-32].

Vibration types can be mainly divided into two: stretching and deformation. The
stretching vibration corresponds to bond length changing along the bond axis. The
deformation vibration arises from the change in angles and can occur in several ways

(scissoring, rocking, wagging, and twisting) as described in Figure 2.2.



Stretching:

Deformation:
(bending)
in-plane

Scissoring

N

Deformation:
Out of plane

Twisting

Figure 2.2 Vibration types of a CH, moiety.

Rocking

Wagging
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CHAPTER 3

COMPUTATIONAL DETAILS

All quantum chemical calculations were performed by using Gaussian 03 (with
Linda) program package on linux server cluster [33]. The geometrical structures of the
two conformers of o-anisidine were optimized by using the hybrid B3LYP [34, 35]
density functional and the split-valence 6-311++G** basis set [36-38]. The optimized
structures were then used for spectral calculations. Unless stated otherwise, these

spectral calculations were performed at the B3LYP/6-311++G** level.

Force fields of the compounds were calculated in the space of Cartesian
coordinates by analytic differentiation. They were then transformed to internal
coordinates for assigning normal modes in terms of internal motions (stretching v; out-
of-plane deformation ¥, in-plane deformation f) with their percent contributions to the
potential energy distribution (PED), which appeared consistent with the visualized

atomic displacements by using the GaussView program [39].

B3LYP overestimates vibrational frequencies systematically as a result of the
neglect of the effects of crystal packing and anharmonicity, and the incompleteness of
basis set and dynamic correlation. Thus, the calculated frequencies are mostly scaled for
relating the computed and experimental frequencies [40, 41]. We derived the scaling
factors that are the correlation coefficients between the experimental and computed
frequencies on benzene. The structure and vibrational spectra of benzene were
determined again at the B3LYP/6-311++G** level. The scaling factors were found on

benzene as 0.964 (R’ = 0.64) for the frequencies above 2800 cm ™, which correspond to

X—H stretchings (X = C, N, S, etc.), and as 0.981 (R’ = 1.00) for the frequencies below

2800 cm'. The R’ value of the correlation for the frequencies below 2800 cm ™' is 1.00,

11
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which indicates that the found factor can be used in scaling computational frequencies
of the related molecules. However, it is 0.64 for the frequencies above 3000 cm ',
analogous to those obtained on other related compounds [42, 43]. Thus, the
corresponding scaling factor for X-H stretchings may not be accurate enough for other
compounds. The largeness of the deviations between the experimental and the scaled X-
H stretching frequencies can be attributed to their strong anharmonicity and local
environment differences, i.e., vacuum (calculation) vs. liquid (experiment). The
simulated IR and Raman spectra of o-anisidine were obtained using computational

frequencies scaled with these two factors (0.964 and 0.981) found on benzene (Vv,),

computed IR intensities (/;z;), and Raman intensities (/g,;) found through the computed
Raman activity (Sgs;) using the following equation derived from Raman scattering

theory for each mode i [44-49]:

vy, )* SRa,i

3.1
hcvl.) G
kT

where /1, ¢, and k are Planck’s constant, speed of light, and Boltzmann’s constant; f'is a

I, =
vV, [1—exp(—

factor that is common for all peak intensities; vy is the excitation line of the laser used in
Raman measurements in cm . In the simulation of Raman spectrum, excitation line was
taken that provided by a near infrared Nd:YAG air-cooled laser (1064 nm = 9398.5
cm ). IR and Raman spectra were simulated by using pure Lorentzian band shapes

taking the full widths at the half-height (FWHH) as 10 cm ™.

UV-Vis absorption spectra were calculated with time-dependent (TD)-DFT
method utilizing B3LYP functional and 6-311++G** basis set in both gas phase and in
ethanol but at gas-phase geometry. The UV-Vis spectra were simulated through the
fifty-root TD-B3LYP vertical excitation energy calculations by summing Gaussian
curves (FWHH = 10 nm) whose areas were fitted to the calculated oscillator strengths f.
In the presence of ethanol, o-anisidine was placed in a cavity formed by a set of
overlapping spheres in the frameworks of the solvent reaction field and then ethanol
was treated implicitly by using polarizable continuum model (PCM) [50]. Frontier

molecular orbital analyses were also performed to determine the nature of electronic
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transitions. These analyses were also extended to the calculation of global molecular

characteristics.

The B3LYP/6-311++G** geometries were subjected to the calculations of the
isotropic NMR shielding constant with the Gauge Including Atomic Orbital (GIAO)
method at again B3LYP/6-311++G** level. The isotropic °C and 'H NMR chemical
shifts were then obtained by subtracting the shielding constants of o-anisidine from
those of tetramethylsilane (TMS) calculated at the same computational level (184.07
ppm for C and 31.97 ppm for H). The calculated chemical shifts are generally scaled for
correlating them easier with experiments [51-56]. The necessity of the scaling arises
from the fact that, although the calculations are carried out on single isolated molecules,
the recorded NMR spectra are quite sensitive to the environment of the molecules
(solvent used or packing in solid state). To assess the effect of geometry on the
chemical shifts, these B3LYP/6-311++G** calculations were also performed at the
B3LYP/6-31G* geometries. The calculated chemical shifts were expressed in this case
relative to calculated TMS shielding constants at the same computational level (183.51

ppm for C and 31.89 ppm for H).

Charge distribution analyses were performed at the B3LYP/6-311++G**
geometries with B3LYP using both 6-31G* and 6-311++G** basis sets. Mulliken,
electrostatic potential (ESP), and the most sophisticated natural bond (NBO) schemes
were all used in such charge calculations. Molecular electrostatic potential plots were

also obtained for determining nucleophilic and electrophilic regions of o-anisidine.



CHAPTER 4

RESULTS AND DISCUSSIONS

4.1 MOLECULAR GEOMETRY

The molecular structures of 0-anisidine were obtained with geometry optimizations
at the B3LYP/6-31G* and B3LYP/6-311++G** levels. Two stable conformers of o-
anisidine (Confl and Conf2; see Figures 1.1 and 4.1) were located arising from
pyramidalized geometry of the amino group. The pyramidalized geometry of the amino
group is due to a balance between opposing forces: the stability gained by the molecule
as a whole arising from p—m conjugation of the nitrogen lone pair with the aromatic
system versus that gained by the amine using highly directed sp’ orbitals for bond
formation [8, 9]. This asymmetric interaction between the amino group and the aromatic

ring produces a small displacement of the nitrogen atom from the benzene plane.

Conf1 Conf2

Figure 4.1 Two stable conformers of o-anisidine arising from pyramidalized geometry
of the amino group.

14



15

Relative to the given orientation of the o-anisidine in Fig. 4.1, the C-N bond
orients outside and inside of the page plane in Confl and Conf2, respectively.
Therefore, amino hydrogen atoms orient inside and outside the page plane in Confl and
Conf2, respectively. Only the rotamer due to methyl orientation with a dihedral angle
C-O—C-H of ~180° is stable with vibrational frequencies that are all real. The other
rotamers due to the methyl orientation have at least one imaginary frequency, and thus

are not stable.

The Confl and Conf2 of o-anisidine are virtually degenerate, with slight
preference to Conf2 (0.005 kcal/mol). The transition structure that connects Confl and
Conf2 has planar amino group and lies just 0.74 kcal/mol above these conformers.
These energetic data suggest that Confl and Conf2 of o-anisidine coexist at the room

temperature as a mixture and are interconverted to each other fast.

The key geometry parameters (bond lengths, bond angles and torsional angles) of
Confl and Conf2 obtained at the B3LYP/6-311++G** and B3LYP/6-31G* levels are as
given in Table 4.1 using the atom labeling scheme shown on Figure 1.1. The Confl and
Conf2 of o-anisidine do not contain any symmetry element other than identity. Thus,

they belong to the C; point group.

The C-N bond of o-anisidine is out of the ring plane by 1.5 while the angle
between the planes of the ring and amino group is calculated as 27 and 25" with 6-31G*
and 6-311++G** basis sets, respectively (see the bottom of Table 4.1). These
parameters about the structure of the amino group are very similar to those observed in
aniline and its other derivatives [8, 9, 43]. The most significant geometry parameter
differences between the 6-31G* and 6-311++G** geometries are due to amino group

torsion angles and amount to 2.

The C2—-O bond of o-anisidine lies almost in the ring plane (see the bottom of
Table 4.1). However, when the compound contains sulfur rather than oxygen [i.e., for 2-
(methylthio)aniline], the C2—S bond is out of the ring plane by 1-2" [43]. The aromatic
ring of o-anisidine is obviously distorted from a regular hexagon (Table 4.1), analogous

to the observations on aniline and its other derivatives [8, 9, 43].
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Table 4.1 Selected B3LYP/6-31G* and B3LYP/6-311++G** geometry parameters of o-
anisidine.

Parameters B3LYP/6-31G* B3LYP/6-311++G**
Confl Conf2 Confl Conf2
Interatomic distance (A)
Cl1-C2 1.416 1.415 1.413 1.413
C2-C3 1.392 1.392 1.390 1.390
C3-C4 1.401 1.401 1.399 1.399
C4-C5 1.391 1.391 1.389 1.389
C5-Cé6 1.398 1.398 1.395 1.395
C1-Co6 1.398 1.398 1.396 1.396
C2-0 1.376 1.376 1.374 1.374
C7-0 1.416 1.416 1.420 1.420
C1-N 1.397 1.397 1.394 1.394
N-H1 1.012 1.012 1.010 1.010
N-H2 1.012 1.012 1.009 1.009
C-H (ring)“ 1.086 1.086 1.084 1.084
C-H (meth.)“ 1.096 1.096 1.093 1.093
Bond angle (degree)
C1-C2-C3 120.6 120.6 120.6 120.6
C2-C3-C4 120.1 120.1 120.2 120.2
C3-C4-C5 119.8 119.8 119.7 119.7
C4-C5-C6 120.1 120.1 120.1 120.1
C5-Co6-Cl1 121.0 121.0 121.1 121.1
C6-C1-C2 118.3 118.3 118.3 118.3
N-C1-C2 119.2 119.2 119.3 119.3
N-C1-C6 122.4 122.4 122.3 122.4
C1-N-Hy; 113.5 113.5 114.7 114.7
C1-N-H n 114.5 114.5 115.7 115.7
H-N-H 112.3 112.3 113.5 113.5
Hiner-C-Hiner” 109.3 109.3 109.4 109.4
C2-0-C7 118.1 118.1 118.5 118.5
C1-C2-0 114.2 114.2 114.4 114.4
C3-C2-0 125.1 125.1 125.0 125.0
Torsional angle (degree)
Hnp-N-C1-C2 153.0 -153.0 154.9 -155.3
Hni-N-C1-C2 22.3 -22.3 19.9 -20.1
Hnz-N-C1-C6 -29.6 29.6 -27.7 27.4
Hy-N-C1-C6 -160.4 160.4 -162.8 162.6
0-C2-C3-C4 -179.3 179.3 179.3 179.4
C6-C1-C2-0 179.1 -179.1 179.2 -179.3
C1-C2-0-C7 -179.4 179.5 -179.9 -179.8
C3-C2-0-C7 -0.005 0.049 -0.4 0.6
N-C1-Hni-Hnz -27.1 27.0 -24.7 24.6
C1-C6-C2-N 1.5 -1.5 1.5 -1.5
C2-C1-C3-0 -0.3 0.3 -0.3 0.2

“ Averaged values
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4.2 VIBRATIONAL SPECTRA

Several experimental IR and Raman spectra of the liquid o-anisidine recorded
under different experimental settings were taken from spectral databases (gas phase IR
[57]; IR in CCly [58]; liquid film IR [58]; Raman in a Pyrex tube [59]) and shown on
Figs. 4.2 and 4.3 together with the calculated IR and Raman spectra plotted using the
scaled frequencies. The experimental and calculated (Confl and Conf2) vibrational
characteristics of o-anisidine (frequencies, Raman scattering activities, IR/Raman
intensities, assignments of the modes in terms of the percent PED of internal
coordinates, and the correlation of the o-anisidine modes with benzene modes) are as
given in Tables 4.2 and 4.3. As apparent from Figures 4.2 and 4.3, the vibrational
spectra of Confl and Conf2 of o-anisidine are almost indistinguishable. Therefore, in

the following, the Confl and Conf2 conformers will not be discussed separately.

Even after scaling, the calculated frequencies above 2800 cm™ deviate
significantly from the experimental frequencies. When compared with the gas-phase IR
spectrum, standard error S and mean absolute error MAE in the scaled frequencies are
45 and 30 cm™, respectively. The S and MAE are 54 and 33 cm™ compared with the
liquid film IR spectrum. The R’ value of the correlations in this range is 1.0. Therefore,
the largeness of the error in the scaled frequencies does not arise from the use of scaling
factor derived on benzene. The differences in the experimental frequencies of this range
are mainly due to NH stretchings that are expected to be strongly environment-
dependent and anharmonic. The calculated frequencies of the NH stretchings agree
better with the gas-phase experimental IR frequencies than those observed in the other

experimental settings since the calculations are also performed in the gas phase.

The modes with frequencies below 2800 cm™ are not much affected from the
experimental settings. Their frequencies are almost the same in the presently available
experimental spectra. The S and MAE for the calculated frequencies of this range after
scaling are just 9 and 6 cm’, respectively. Therefore, the scaling factor of the

frequencies of this range derived on benzene is transferrable to other related molecules.
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Figure 4.2 Experimental and simulated IR spectra of o-anisidine.
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Figure 4.3 Experimental and simulated Raman spectra of o-anisidine.
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The 30 benzene-like normal modes of o-anisidine are labeled (second entry in
Tables 4.2 and 4.3) with the convention of Varsanyi and Szoke for the substituted
benzenes, which was adapted from the Wilson notation for benzene [60, 61]. This
allows investigating the substitutional effects on the benzene modes. All benzene modes
with the frequencies below 1650 cm™ couple significantly with the -NH, and ~OCHj
vibrations. This causes not only significant shifts in the frequencies of some modes but
also in their orderings. For example, compared with the vibrational modes of 2MTA
that has sulfur in the place of oxygen atom of o-anisidine [43], the orderings of modes
8a and 8b, 12 and 17b, 15 and 10b, and 9b and 1 are exchanged while the frequency of
mode 6b upshifts significantly. Such shifts are more significant compared with the p-

methylaniline (pMA) modes [8].

The NH; scissoring and rocking frequencies of o-anisidine are nearly the same as
those observed in pure aniline and substituted anilines like pMA and 2MTA [8, 43].
They are calculated respectively at 1623 and 1069 cm™, consistent with the
experimental data. The strong vibrational band at around 1270 cm™ (calculated at 1275
cm™ for o-anisidine) is known as the C-NH, stretching band in aniline and related

compounds [38, 52] and couples strongly with the ring modes.

The NH, wagging (calc. 577 cm™) and twisting (Ra. 347 cm™) vibrations are
generally weak and thus difficult to locate on the experimental spectra. However,
computations show that the frequencies of these vibrations are strongly dependent on

the type and conformation of the ring substituents.

The overall intensity patterns of the calculated and experimental spectra are in
general quite consistent to each other. However, as a result of the interaction of o-
anisidine with its environment, the NH and CH stretching bands that lie above 2800
cm™ have intensities larger in the experimental IR spectra recorded as liquid film and in
CCly than in the experimental gas phase and calculated IR spectra. For the same reason,
the shapes of the bands that couple with NH, wagging in the 550-600 cm™ range vary at

different experimental conditions.
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4.3 UV-VIS ELECTRONIC ABSORPTION SPECTRA

The calculated electronic absorption spectra of o-anisidine in both gas phase and
in ethanol at the TD-B3LYP/6-311++G** level using the B3LYP/6-311++G**
geometries were plotted using the 4 vertical excitation wavelengths (nm) and the f
oscillator strengths (Figure 4.4). The UV-Vis spectral characteristics of Confl and
Conf2 were calculated to be the same, indicating that the out of the plane direction of

the amino group does not affect the electronic absorption spectra of o-anisidine.
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Figure 4.4 Calculated UV-Vis electronic absorption spectra of o-anisidine in both gas
phase and ethanol, and their comparisons with the experimental spectrum.

The experimental [62] solution-phase UV spectrum of o-anisidine recorded in the
210-320 nm range (Figure 4.4) finds two bands at 236 nm (loge = 3.89) and 286 nm
(loge = 3.40). These bands were calculated at 238 and 267 nm, respectively. Therefore,

while the wavelength of the experimental band at 236 nm was reproduced perfectly, that
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of the experimental band at 286 nm is estimated smaller only by around 20 nm. The
intensity patterns of these two bands in the calculations and experiment are also
consistent to each other. Therefore, the analyses of the electronic absorption spectra of

o-anisidine at the present computational level are quite promising.

0 9
LUMO+4 LUMO+3 LUMO+2 LUMO+1 LUMO
(LUMO+2) (LUMO+4) (LUMO+5) (LUMO) (LUMO+1)

E N

(¥

HOMO HOMO-1 HOMO-2 HOMO-3 HOMO-4

Figure 4.5 Key frontier molecular orbitals of o0-anisidine in both gas phase and ethanol,
labeled out of and in parenthesis, respectively.

The calculations find four absorption bands for o-anisidine above 150 nm that are
labeled as A, B, C, and D (Figure 4.4). While the bands A and C are due to mainly two
transitions (a; and a, for the band A; c¢; and ¢, for the band C), the bands B and D can be
both assigned to a unique transition labeled b and d (Figure 4.4). While the energy
ordering of the occupied orbitals of o-anisidine in the gas phase [i.e., highest occupied
molecular orbital (HOMO) to HOMO-4] is not affected from the introduction of ethanol
solution, this causes reordering of the unoccupied orbitals (Figure 4.5). For example, the
lowest unoccupied molecular orbital (LUMO), LUMO+1, LUMO+2, LUMO+3, and
LUMO+4 in the gas phase structure correspond to LUMO+1, LUMO, LUMO+S5,
LUMO+4, and LUMO+2 of the structure in ethanol, respectively. The involvement of
the unoccupied orbitals in the main transitions of the bands A-D (i.e., a;, az, b, ¢y, ¢,
and d) varies also going from gas phase to solution structure. Such differences shift all
electronic bands slightly to higher wavelengths moving o-anisidine from gas phase to

ethanol (Figure 4.4 and Table 4.4).
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Table 4.4 The A vertical excitation wavelengths (nm) and f oscillator strengths
calculated at TD-B3LYP/6-311++G** level for the most intense electronic transitions
in each band of the UV-Vis spectrum of o-anisidine in both gas phase and ethanol.

Band  Transition A (nm) f Assignment”'b
In gas phase
A a) 267 0.03 HOMO — LUMO+1 (82%)
2 262 0.03 HOMO — LUMO+2 (79%)
B b 234 0.11 HOMO — LUMO+4 (67%)
HOMO-1 — LUMO+1 (10%)
C ¢ 203 0.24 HOMO-1 — LUMO+2 (29%)

HOMO-1 — LUMO+1 (18%)
HOMO-1 — LUMO+4 (15%)
c 193 0.50 HOMO-1 — LUMO+4 (53%)
D d 155 0.06 HOMO-3 — LUMO+1 (41%)
HOMO-4 — LUMO+1 (12%)
HOMO-4 — LUMO (10%)

In ethanol
A° a 269 0.03 HOMO — LUMO+1 (47%)
HOMO — LUMO (40%)
a 267 0.06 HOMO — LUMO (51%)
HOMO — LUMO+1 (33%)
B! b 238 0.17 HOMO — LUMO+4 (70%)
HOMO-1 — LUMO+1 (11%)
C C 207 0.25 HOMO-1 — LUMO+1 (48%)
HOMO-1 — LUMO+4 (12%)
Cy 197 0.58 HOMO-1 — LUMO+4 (58%)
HOMO-1 — LUMO+1 (12%)
D d 157 0.09 HOMO-3 — LUMO+1 (43%)

HOMO-4 — LUMO+1 (24%)
“ The transitions that contribute less than 10% are not shown.
’ To allow direct comparisons for the orbital types involved in the transitions of gas-
phase and ethanol spectra, the orbital labeling of the gas phase structure was used. For
example, the LUMO orbital of the gas-phase structure is the LUMO+1 orbital of the
structure in ethanol. Instead of LUMO+1 of the structure in ethanol, its relevant orbital
in the gas phase structure, i.e., LUMO, was written.
“ Experimental values: Apn.x =286 nm; loge = 3.40
d Experimental values: Apy. = 236 nm; loge = 3.89

We have assigned the main electronic transitions in the UV-Vis spectrum of o-
anisidine (Table 4.4) in terms of the frontier molecular orbitals (Figure 4.5). The
frontier molecular orbital analyses are also useful in estimating several molecular
characteristics like chemical reactivity, kinetic stability, and site of electrophilic attack
[63, 64]. According to Koopman’s theorem [65], the HOMO and LUMO energies are

the negative ionization potential / and the negative electron affinity 4, respectively.
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The relation of / and A4 with some other global molecular characteristics like
electronegativity y, chemical hardness 7, chemical potential 1, and electrophilicity

index w are as follows [65-69]:

2
Z:% ; n=% D U=—) w=§—n (4.2)
Therefore, when the HOMO-LUMO energy gap AE is widened, the hardness of
the molecule increases while its reactivity decreases [67-70]. The calculated global
molecular characteristics of o-anisidine obtained using the above relations at the
B3LYP/6-311++G** level are given in Table 4.5 for both gas-phase and ethanol
structures. These data suggest that o-anisidine becomes slightly more stable and slightly
less reactive in the solution, owing to its increased ionization potential and reduced

electron affinity.

Table 4.5 The calculated global molecular characteristics (eV) of the gas-phase and
ethanol structures of o-anisidine at the B3LYP/6-311++G** level.

Parameters In vacuo In ethanol

Enomo -5.44 -5.55
Evumo -0.28 -0.22
AE -5.16 -5.33
I 5.44 5.55
A 0.28 0.22
¥ 2.86 2.89
n 2.58 2.67
L -2.86 -2.89
) 1.59 1.56
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4.4 CHARGE DISTRIBUTION AND MOLECULAR ELECTROSTATIC
POTENTIAL ANALYSES

B3LYP charge distribution analyses have been performed by using both the small
6-31G* and the larger 6-311++G** basis sets and by applying Mulliken, electrostatic
potential (ESP), and the most sophisticated natural bond orbital (NBO) analyses (Figure
4.6). The average of the already-similar charges on the ring hydrogens (Hiing),
hydrogens bonded to the nitrogen atom (Hy), and the methyl hydrogens were used in
plotting Figure 4.6. Since the charge distribution of Confl and Conf2 are found the

same, charge analyses in the following are not conformer-specific.

All calculated charges are reasonably close to each other except the Mulliken
charges calculated with the larger 6-311++G** basis set for the ring atoms. Mulliken/6-
311++G** charges of the ring atoms differ from the other calculated charges not only in
the amount significantly but also in the sign. Therefore, one must suspect about the
quality of the Mulliken charges when more diffuse and polarization functions are added
to the 6-31G* basis set. Actually, the success of the Mulliken scheme with the 6-31G*
basis set is not surprising since its parameterization is already based on this basis set

[71].

Although ESP charge scheme is more sophisticated than the Mulliken charge
scheme, it may also be problematic for electronegative and their neighboring atoms,
where the overlap between two orbitals are not partitioned equally [70]. Such kinds of
problems in the ESP scheme are not much effective on o-anisidine. The most striking
difference in the ESP and the most sophisticated NBO charges is the charge of the
oxygen atom, being ~0.55¢ in the NBO and Mulliken analyses and ~0.25¢ in the ESP
analysis. However, the ESP analysis finds the oxygen atom as one of the most

electronegative atom, and is reliable enough for the present case.

The present calculations suggest the most negative atoms as nitrogen and then
oxygen. All hydrogen atoms have positive charges; the most is being on the hydrogens
bonded to the nitrogen atom. The ring carbons where the substitution occurs have

positive charges while the other carbons have negative charges.
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Figure 4.6 B3LYP charges on each atom of o-anisidine calculated with the 6-31G*
(left) and 6-311++G** (right) basis sets using Mulliken (top), ESP (middle), and NBO
(bottom) schemes.

Molecular electrostatic potential (MESP) can be determined experimentally
through diffraction methods [71] or be calculated from the electron density obtained

from DFT by applying the following formula [72]:

V(?)=Z§fifj‘f(r2d;' 4.3)

r —I"‘



33

where Z, is the charge on nucleus A4 that has the position vector R 4 and p(F) is the

electron density at the position 7 .

Figure 4.7 (a) The plot of molecular electrostatic potential of o-anisidine obtained from
the total B3LYP/6-311++G** SCF electron density, and (b) its projection on the ring
plane.

The plot of MESP of o-anisidine calculated at the B3LYP/6-311++G** is shown
in Figure 4.7. In this plot, going from violet to red, electrostatic potential decreases.
Therefore, the violet and red regions correspond to positive and negative electrostatic
potentials, respectively. The hydrogen atoms reflect positive potential, and thus are the
sites of electrophilic attack while the nitrogen and oxygen atoms bear the most

electronegative region, and thus have high nucleophilic activity.
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4.5 NUCLEAR MAGNETIC RESONANCE SPECTRA

The results of the present GIAO-B3LYP/6-311++G** level chemical shift
calculations at both B3LYP/6-31G* and B3LYP/6-311++G** geometries were used in
assigning the signals in the experimental [58] °C and '"H NMR spectra of o-anisidine
recorded in CDCl; (Figure 4.8 and Table 4.6) to specific carbons and protons. GIAO-
B3LYP/6-311++G** level chemical shift calculations have been already shown to be
quite accurate at the B3LYP/6-31G* geometries of several molecules [51-54, 56, 73]. In
this study, we also assess the quality of the B3LYP/6-311++G** geometries in
reproducing experimental chemical shift values. The chemical shift values of Confl and

Conf2 have been found to be the same. Therefore, we do not discuss them separately.

13C NMR (CDCl3) THNMR (CDCl3)

T T T T T

l]l" |1lllll
200 160 120 80 40 0 9 8 7 6 5§ 4 3 2 1 O

Figure 4.8 Experimental >C and 'H chemical shifts of o-anisidine relative to TMS (in
ppm) in CDCl;.

The assignments of the NMR signals of o-anisidine are as given in Table 4.6.
Although the calculated "H NMR chemical shifts are very close to the calculated shifts
at both geometries, the °C NMR chemical shifts are overestimated. This arises mainly
from the fact that, although the calculations are carried out on single isolated molecules,
NMR spectra are quite sensitive to the environment of the molecules, i.e., to the
experimental conditions (solvent used or packing in solid state). To relate the

experimental and calculated chemical shifts easier, the calculated chemical shifts are
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generally scaled [51, 54, 73]. As shown in Figure 4.9, the calculated and experimental

chemical shifts correlate very well with R” of ~1.0.

Table 4.6 The experimental (in CDCls) and calculated (unscaled and scaled) "*C and 'H
GIAO-B3LYP/6-311++G** chemical shifts of o-anisidine relative to TMS (in ppm) at
both 6-31G* and 6-311++G** geometries.

. a 6-31G* Geometry 6-311++G** Geometry
Atom - Experiment Unscaled Scaled Unscaled Scaled
Cl 136.37 144.40 137.93 143.83 137.78
C2 147.32 154.26 147.07 153.85 147.15
C3 110.55 112.78 108.65 112.87 108.83
C4 118.30 122.78 117.91 122.54 117.87
C5 121.13 126.85 121.68 126.89 121.94
Co6 114.99 119.32 114.71 118.83 114.40
C7 55.30 55.95 56.02 56.38 56.01
H3 6.65 6.59 6.54 6.60 6.54
H4 6.70 6.76 6.70 6.76 6.70
H5 6.76 6.92 6.85 6.94 6.87
H6 6.74 6.79 6.73 6.78 6.72
Himet 3.77 3.84 3.92 3.87 3.92
Hx 3.70 3.47 3.57 3.51 3.58

“Ref. [58].

The correlation equations between the experimental and unscaled chemical shifts

0 (in ppm) are as follows
0c,exp=0.926. 8¢ carct4.199 (§=1.20; MAE =0.81) (4.4)
Ot exp=0.952. 041 catc+0.268 (§5=0.12 ; MAE = 0.08) (4.5)
at the 6-31G™* geometry, and
0c,exp=0.935. ¢ catc+3.290 (S=1.15; MAE = 0.83) (4.6)

11,0p=0.960. 81100170206 (S=0.13 ; MAE = 0.09) (4.7)



at the 6-311++G** geometry.
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Figure 4.9 Correlation between the experimental and calculated GIAO-B3LYP/6-
311++G** level (at both 6-31G* and 6-311++G** geometries) "C and 'H chemical
shifts of o-anisidine relative to TMS (in ppm).

The correlation equations and the associated standard errors S and the mean

absolute errors MAE indicate that the calculated chemical shift values at both

geometries are quite similar and predictive, with very slight preference to the 6-

311++G** and 6-31G* geometries for the °C and 'H chemical shifts, respectively.
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CONCLUSIONS

In this study, the conformational stabilities, geometrical structures, vibrational
spectra (both IR and Raman), UV-Vis electronic absorption spectra, the frontier
molecular orbitals together with the related global molecular characteristics, molecular
electrostatic potential map, and NMR spectra (°C and 'H) of o-anisidine have been
investigated by using the hybrid B3LYP density functional. All of these molecular
features have been calculated using the triple-zeta 6-311++G** basis set. However, the
effects of basis set on some of these characteristics have been studied by using the

double-zeta 6-31G* basis set, as well.

As a result of the pyramidalized structure of the amino group, the C—N bond in o-
anisidine is out of the ring plane, which results in two conformations (Confl and
Conf2). These two conformers have almost the same energy. Thus, o-anisidine exists
actually as a mixture of these two conformers at the room temperature. All the
calculated properties in this study for these two conformers are almost identical.
Therefore, their experimental distinction from the recorded spectra seems unlikely.
However, the conformers of 2MTA that has sulfur in the place of oxygen of o-anisidine
were found to have differing spectral characteristics [43]. This difference can be
attributed to the fact that the C2—O bond of o-anisidine is almost at the ring plane while
the C2—S bond of 2MTA is slightly out of the ring plane.

All fundamental vibrational (IR and Raman) bands of o-anisidine have been
assigned in terms of the present calculations, giving PED of each mode with internal

coordinates. The simulated IR and Raman spectra of o-anisidine using the scaled

37
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computational wavenumbers, and IR/Raman intensities have been found quite

consistent with the experimental spectra.

The calculated TD-B3LYP and experimental electronic absorption spectra of o-
anisidine agree to each other reasonably. Introducing o-anisidine with ethanol affects
the energy ordering of the unoccupied orbitals and the involving unoccupied orbitals in
the most intense electronic transitions. Such effects shift all electronic bands of o-
anisidine slightly to longer wavelengths. In the solution, ionization potential of o-
anisidine increases while its electron affinity decreases. Therefore, solution-phase o-

anisidine is slightly more stable but less reactive.

In comparison with the results of sophisticated ESP and NBO charges, it has been
shown that Mulliken charge analysis is erratic with the 6-311++G** basis set but
accurate enough with the smaller 6-31G* basis set, which is already used in
parameterization of Mulliken analysis. ESP and NBO charge analyses give similar
charges with both basis sets. The most negative atoms of o-anisidine are found as
nitrogen and then oxygen. All hydrogen atoms have positive charges. The largest
positive charges are on the hydrogens bonded to the nitrogen atom. The ring carbons
with peripheral substituents have positive charges while the rest of the carbons have all
negative charges. The plot of molecular electrostatic potential indicates hydrogens as

the sites of electrophilic attack, and N and O to have high nucleophilic activity.

The calculated C chemical shifts of o-anisidine are slightly larger than the
experimental ones. However, the high correlations between the experimental and
calculated chemical shifts indicate that the errors in the calculations are systematic and
be cured with scaling the chemical shifts. This allowed us certain assignments of the '*C
and 'H NMR signals in terms of the present calculations. The calculated B3LYP/6-
311++G** chemical shifts at the 6-311++G** and 6-31G* geometries agree very well,
with very slight variations. Therefore, both geometries are accurate for calculating

NMR properties.

In conclusion, the present structural and spectroscopic calculations have been
found quite useful on o-anisidine in comparison with the available experiments.
Therefore, the computational route followed in this study can be extended in studying

molecular characteristics of analogous compounds.
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