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  ARYL AZIDE VIBRATIONAL PROBES 

 

MAJOR PROFESSOR:  Dr. Lichang Wang 

 

 Site-specific study of the protein using time-resolved IR spectroscopy with the assistance 

of vibrational probes (VPs) has been the most promising research discipline. However, azide 

VPs that are absorbed within the protein transparent window generate a complex absorption 

profile due to Fermi resonance (FR). In the current study, the azide absorption profiles of three 

aryl-azide compounds: 4-azidotoluene, 4-azido-N-phenylmaleimide, and 4-azidoacetanilide have 

been explored with basis set effect, solvent effect, intramolecular effect, and the effect of 

rotational isomerism. Basis set effect was studied using seven basis sets namely: 6-31G(d,p), 6-

31+G(d,p), 6-31++G(d,p), 6-311G(d,p), 6-311+G(d,p), 6-311++G(d,p) and 6-311++G(df,pd) 

with DFT/B3LYP. Geometry optimization and anharmonic frequency calculations have been 

carried out using two solvents, NNDMA and THF. Peak intensities, relative peak positions to the 

azido asymmetric stretch, cubic force constants, and the third-order Fermi resonance constants 

were analyzed. 4-azidoacetanilide has a more complex azide absorption profile that cannot 

explain both basis set effect and solvent effect.  The DFT results show that FR patterns change 

with para substitution, and the azide asymmetric stretch blue shifts with substitution of methyl to 

maleimide, or NNDMA to THF. It has been found that rotamers depict the same features in the 

azide absorption profile. Moreover, theoretical vibrational spectra with the 6-311+G(d,p) basis 

set can describe the FTIR spectra qualitatively, but it was identified that more accidental FRs 

would impact on azide absorption profile than that observed in FTIR spectra. 
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CHAPTER 1 

INTRODUCTION 

1.1 Vibrational (Infrared) Spectroscopy 

When a molecule interacts with electromagnetic radiation, it can undergo various changes 

(e.g., rotation about its center of gravity, stretching and bending of the bonds, etc.) due to the 

transitions between different types of quantized energy levels, such as electronic, vibrational, 

rotational, and translational. Infrared (IR) light has an energy of ~ 400 – 4000 cm-1 that 

corresponds to the energy involved in the vibrational motions of molecules. Vibrational 

transitions are allowed observed by IR if the dipole moment of the molecule changes during a 

particular vibration. Hence, homonuclear diatomic molecules, symmetric polyatomic molecules, 

and symmetric stretching and bending vibrations of some heteronuclear molecules are IR 

inactive. Two atoms in a molecule are connected by an elastic bond, like a spring, that vibrates 

around an average position (equilibrium bond length). This elastic bond has an intrinsic 

vibrational or oscillation frequency depending on the reduced mass and force constant which 

obeys Hooke’s law. Thus, lighter atoms and stronger bonds with more s-character and polar 

character particularly have high wavenumbers.1 IR spectroscopy is a widely used tool for 

studying the functional groups in organic compounds because particular functional groups 

vibrate in a characteristic region of the IR spectrum. If an organic compound is irradiated with IR 

light, some frequencies will get absorbed by the compound and the rest will pass through the 

compound without being absorbed. IR spectrometer measures “Transmittance”, the percentage of 

IR light that passes through the compound. Therefore,  ~100% transmittance indicates that the 

compound doesn’t consist of such types of bonds whilst a low percentage of transmittance 

indicates that the compound does have that particular functional group. 
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1.1.1 Vibrational Degrees of Freedom 

The Heisenberg uncertainty principle states that it is impossible to accurately determine 

both the position and momentum of a particle simultaneously because molecules are constantly 

in motions such that they possess three general types of motions: translations, rotations, and 

vibrations. The “Degree of Freedom” defines the number of variables used to describe the 

motions of an atom. In 3-D space, each atom has three degrees of freedom. Thus, a molecule 

containing N number of atoms has a 3N total number of degrees of freedom. Each translational 

and rotational motions use three degrees of freedom around its center of mass. However, for 

linear molecules, only two rotational degrees of freedom are counting due to rotation around its 

axis leaving the molecule unchanged. The rest of the remaining degrees of freedom describe the 

vibrational motions of the molecule. Therefore, a linear molecule has 3N-5 vibrational degrees of 

freedom while a non-linear molecule has 3N-6 vibrational degrees of freedom.  

Figure 1.1 – Types of vibrational modes of chemical bonds. 
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1.1.2 Vibrational Modes 

Vibrational modes are defined as different independent vibrational motions of atoms. 

Vibrational modes can be represented by stretching and bending vibrations (Figure 1.1). 

Stretching vibration is a change of bond length and the number of stretching modes are equal to 

the number of bonds in the molecule of interest. Stretching vibrations can be symmetric or 

asymmetric. Only asymmetric stretching vibrations are IR active whereas symmetric vibrations 

are Raman active.  Bending vibration is a change of bond angle and there are two types of 

bending vibrations: In-plane Bending and Out-of-plane Bending. In-plane bending vibrations are 

rocking and scissoring while out-of-plane vibrations are wagging and twisting. Twisting 

vibrations are also IR inactive.2  

1.1.3 Harmonic Oscillator & Anharmonic Oscillator 

Vibrational transitions of a molecule can be demonstrated by two models: Simple 

Harmonic Oscillator (SHO) and Morse Potential. In harmonic oscillator approximation, the 

molecule is at rest at equilibrium bond length re, and the change of energy of the bond is similar 

when it stretches and compresses by the same distance (obeying Hooke’s law), see Figure 1.2. 

The energy of a vibrational level is given by equation 1, derived by 1-D Schrödinger equation, 

where v is the vibrational quantum number, h is the Planck’s constant, and 𝜔𝑒 is the oscillation 

frequency. When v = 0, a molecule has non-zero vibrational energy which means that atoms can 

never be completely at rest relative to each other. This energy is known as “Zero-point energy” 

(equation 1.2).  

                                                  𝐸𝑣 = (𝑣 +  
1

2
) ℎ𝜔𝑒                                                  (1.1) 

                                                  𝐸0 =
1

2
ℎ𝜔𝑒               (1.2) 
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Solutions to the Schrödinger equation restrict vibrational transitions to Δv = ±1 (selection 

rule), and at room temperature, only the ground state is populated. Therefore, the harmonic 

spectrum of a molecule shows only “Fundamental” vibrations which are defined as the 

transitions from the ground state (v = 0) to the first excited state (v = 1). For harmonic oscillator, 

Ev  → ꝏ when v → ꝏ, the molecule is still intact. Actual chemical bonds do not obey Hooke’s 

law as they are dissociated at larger internuclear separations. Hence, the anharmonic oscillator 

approximation also known as Morse Potential, suggested by P. M. Morse, shows a more accurate 

description of the vibrational energies. 3  The energy of a vibrational level is then modified to 

equation 1.3, where 𝑥𝑒 denotes the anharmonicity constant.  

  𝐸𝑣 = (𝑣 +  
1

2
) ℎ𝜔𝑒 −  (𝑣 +  

1

2
)

2

ℎ𝜔𝑒𝑥𝑒 +   (𝑣 +  
1

2
)

3

ℎ𝜔𝑒𝑦𝑒 + ….                         (1.3)                                     

 

Figure 1.2 – The energy profile of harmonic oscillator (blue) and the Morse potential (red). re is 

the equilibrium bond length, and the bond dissociates at dissociation energy. 
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1.1.4 Types of Vibrational Transitions 

For an anharmonic oscillator, the selection rule is Δv = ±1, ±2, ±3 …, reflecting that a 

transition from the ground state (v = 0) to the higher energy levels are allowed. These vibrational 

transitions are known as “Overtones”.  At room temperature, some molecules have a significant 

population in the v = 1 state, and transitions from this excited state are known as hot bands. 

Combination bands are generated due to the excitations of two or more different fundamental 

vibrations simultaneously. Figure 1.3 demonstrates the energy profiles of different kinds of 

vibrational transitions. 

 

Figure 1.3 - The vibrational energy profiles of (a) a fundamental (ΔE = 𝒉𝝎e), (b) a first overtone 

(ΔE = 2𝒉𝝎e), (c) hot bands (ΔE = 𝒉𝝎e), and (d) a combination band (ΔE = 𝒉𝝎e + 𝒉𝝎’e).  

 

1.2 Fermi Resonance 

Fermi resonance (FR) is the resonance between a fundamental vibration and a 

combination band or an overtone band with similar energy and symmetry of the fundamental 

vibration. In general, combination bands or overtones are unnoticeable in the IR spectrum. 

However, if a combination band or overtone is located near to the fundamental vibration, energy 

transfer from fundamental vibration to combination band or overtone will happen and it results in 

an increased intensity of combination band or overtone while a decreased intensity of 

fundamental vibration (Figure 1.4). Moreover, this will create a splitting of the absorption profile 
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of fundamental vibration and frequency shift in both modes.4  Therefore, the fundamental 

absorption profile becomes more complex and broader. FRs play a major role in vibrational 

energy transfer in proteins. Therefore, understanding FRs and vibrational coupling would 

provide additional information about the environment of a protein and its dynamics. 5, 6  

 

Figure 1.4 – The energy profile of a Fermi resonance, where 𝝎α is the fundamental frequency 

and 𝝎β  and 𝝎γ are fundamental frequencies of the combination band (β ≠ γ) or overtone (β = γ). 

 

1.3 Vibrational Probes 

Vibrational spectroscopy has been a vital tool in the investigation of biological systems 

such as RNAs, proteins, and peptides. Proteins are built from twenty amino acids and are limited 

to a few atoms (C, H, N, O, and S). Thus, vibrational spectra of proteins are congested, 

broadened, and complicated due to the similarities in vibrational modes, diverse intermolecular 

and intramolecular interactions, and vibrational coupling. Interestingly, vibrational spectra of 

proteins have a “transparent window” between 1800-2300 cm-1 where no native protein 

vibrations occur. Small organic molecule-based “vibrational probes” (VPs) that generate signals 

within this region have been used in structure elucidation and dynamic studies of proteins. 7-10 

The most common VPs that absorb within this region are small molecules containing 

carbon-deuterium bonds (C-D), nitriles (-CN), thiocyanates (-SCN), azides (-N3), cyanamides (-
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NCN), transition metal-carbonyl complexes M(CO)n, alkynes (C≡C), or C-F groups. 11-31 

Spectral characteristics of VPs should include large transition dipole strength, narrow bandwidth, 

and long vibrational lifetime. Large transition dipole strength facilitates the analysis of protein 

solutions at micro-to lower millimolar concentrations with a high signal-to-noise ratio. For 

example, the major challenge of using C-D, C≡C, and -CN as VPs is their low transition dipole 

strength compared to metal-carbonyl complexes and azide VPs. In addition, vibrational lifetime 

plays a major role when selecting a VP for time-resolved nonlinear IR spectroscopy. In general, 

vibrational lifetimes are very short for many VPs, but attempts have been made to increase 

vibrational lifetimes by a combination of isotopic labeling and heavy atom effects. Kossowska et 

al. showed that the incorporation of S, Si, or Se atoms adjacent to a C≡C bond can increase 

vibrational lifetimes by an order of 2, 10, or 16, respectively.32, 33 Park et al. have also shown that 

incorporation of S and Se atoms can enhance the vibrational lifetime of nitrile-derivatized 

prolines.34 Chalyavi et al. have reported that the use of heavy atoms like Si and Sn, or heavy 15N 

isotope can increase vibrational lifetimes from ~2 ps to ~300 ps.35 

Moreover, steric perturbative effects, solvothermal stability, and sensitivity of the VP 

must be considered when determining the appropriate VP for a specific application. Levin et al. 

have reported the relative ranking of VPs based on these parameters.36 It shows that transition 

metal-carbonyl compounds are least favorable in terms of their bulkiness, which can produce 

undesired perturbations to the protein structure. Isonitrile probes have desirable traits such as 

high transition dipole strength, sensitivity to H-bonding environment, and comparatively longer 

vibrational lifetimes, but they are chemically unstable under acidic conditions.37 Furthermore, 

VP must be sensitive to the protein environment and not to the vibrational coupling within the 

VP. For example, -CN and C≡C probes each show a single peak within the transparent window 
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whereas azide probes show complex and broad adsorption profiles resulting from accidental 

FRs.38-40 These FRs can be eliminated through isotopic labeling. Lipkin et al. have shown that 

single or multiple isotopic labels can simplify the complex adsorption profile of 3-azidopyridine 

by red shifting the frequency by almost 100 cm-1.41 Because FR is a result of vibrational coupling 

between transitions with similar energies, isotopic substitution is the most effective way to alter 

the energies of the transitions by changing the reduced mass. When considering the 

aforementioned characteristics, azide-modified compounds are some of the most promising VPs 

and an alternative strategy to using isotopic labeling to simplify their complex absorption 

profiles. 

1.4 Overview 

This chapter briefly explains the background to the vibrational spectroscopy and 

vibrational probes because the study is mainly focusing on understanding anharmonic vibrational 

coupling and Fermi resonance in the azide absorption profile of small aryl-azide compounds. 

Chapter 2 demonstrates how computer simulations are utilized to study the anharmonic IR 

spectra of aryl-azides. Then, Chapter 3 lays out DFT studies of vibrational coupling and Fermi 

resonance in 4-azidotoluene and 4-azidoacetanilide. Chapter 4 focuses on the impact of 

rotational isomers on IR spectra of 4-azido-N-phenylmaleimide. The last chapter compares 

theoretically calculated IR spectra of three aryl-azides with the experimental FTIR spectra as 

well as the conclusion of this research and future work.  
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CHAPTER 2 

METHODOLOGY 

2.1 Computational Chemistry 

 The branch of chemistry that solves chemical problems with the assistance of computers 

is known as computational chemistry. Computational chemistry helps to determine the structures 

and properties of molecules, gases, liquids, and solids. Therefore, properties like energies, 

charges, dipole moments, frequencies, ionization potentials, electron affinities, and HOMO-

LUMO gaps can be obtained by using computational chemistry. There are several computational 

modeling methods such as Quantum mechanical calculations, Molecular mechanics, Monte 

Carlo simulation, and Molecular dynamics. These methods have their features and differ from 

other methods.  Quantum mechanical methods describe the electrons and nuclei in a system and 

the properties that depend upon the electronic distribution can be determined. Molecular 

mechanics ignores electron motions and the molecule is considered as a collection of spheres 

joined by springs. The motions of these atoms are described by the laws of classical mechanics 

and are suitable for larger systems consisting of thousands of atoms. There are several software 

packages related to computational chemistry. One of the most widely used software is 

Gaussian,42 which allows to calculate numerous properties of a particular atom or molecule.  

 In this study, Gaussian 16W software was used for geometry optimization and frequency 

calculations of three aryl-azide compounds: 4-azidotoluene, 4-azidoacetanilide, and 4-azido-N-

phenylmaleimide in two solvents: NNDMA (N,N-dimethylacetamide) and THF. The Density 

Functional Theory (DFT) calculations were carried out using B3LYP exchange and correlation 

functional, and seven different basis sets namely: 6-31G(d,p), 6-31+G(d,p), 6-31++G(d,p), 6-

311G(d,p), 6-311+G(d,p), 6-311++G(d,p), and 6-311++G(df,pd) to determine which basis set is 
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optimum to deconvolute the complex absorption profile of azide VPs. The polarizable continuum 

model using the integral equation formalism variant (IEFPCM), was used to model the solvent. 

Hence, this work provides deep insights into the intramolecular effect, basis set effect, and 

solvent effect on the azide absorption profile. 

2.2 Density Functional Theory (DFT) 

 In this study, density functional theory (DFT) is used to compute the electronic structure 

of molecules. As the name implies, it allows determining all the properties based on the electron 

density as a function of space and time rather than using wave functions. Therefore, the 

computational cost is very low compared to the other traditional methods like the Hartree Fock 

theory. Molecular geometries, frequencies, ionization energies, electric and magnetic properties 

can be calculated by using this theory. DFT is based on the Hohenberg-Kohn (HK) theorem, 

which expresses the ground-state electronic energy of an atom or a molecule as a function of the 

electron density (ρ) of the molecule. ρ is a function of the coordinates of the electrons. The total 

electronic energy can be denoted as, 

             E = T + Vnucl + Vrep + Exc                                                              (2.1) 

 where T is the electronic kinetic energy, Vnucl is the attraction of the electrons(2.2) to the 

nuclei(α), Vrep is the interelectronic Coulomb repulsion, and Exc is the exchange-correlation 

energy. 

                                                               𝑉𝑛𝑢𝑐𝑙 =  − ∑ ∫
𝑍𝛼𝜌(1)

𝑟1𝛼
𝑑𝜏1𝛼                                                  (2.2) 

                                                           𝑉𝑟𝑒𝑝 =  − 
1

2
∬

𝜌(1)𝜌(2)

𝑟12
 𝑑𝜏1𝑑𝜏2                                               (2.3)         

                                                         𝑇 =  
3

10
(3𝜋2)2/3 ∫ 𝜌5/3𝑑𝜏                                                    (2.4) 

                                                           𝑇 =  −
1

2
∑ ∫ ѱ𝑖𝛻

2ѱ𝑖𝑑𝜏𝑖                                                   (2.5)       
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                                                   𝐸𝑥𝑐 =  −
9

8
(

3

𝜋
)

1/5

𝛼 ∫ 𝜌(1)4/3 𝑑𝜏1                                          (2.6) 

 Since the T in terms of ρ is quite complicated and completely unknown, T involving the 

wavefunctions is used. Also, Exc is solved using a variety of approximations methods, and the 

simplest approximation is local density approximation, which is given in the Exc equation (2.6). 

Later, wavefunctions that are obtained from self-consistent field calculations are used due to the 

difficulty of obtaining high accuracy from ρ functions directly, which is known as Kohn-Sham 

formulations shown below.43, 44 

                                                                     𝐹ѱ =  𝜀ѱ                                                              (2.7) 

                                           𝐹(1) =  −
1

2 
𝛻1

2 −  ∑ (
𝑍𝛼

𝑟1𝛼
) +  ∑ 𝐽(1) + 𝑉𝑥𝑐𝑗𝛼                                 (2.8) 

                                                                   𝑉𝑥𝑐 =  
𝜕𝐸𝑥𝑐

𝜕𝜌
                                                               (2.9) 

                                                                  𝜌 =  ∑ |ѱ𝑖|
2

𝑖                                                           (2.10)                   

2.3 B3LYP Functional 

 B3LYP functional, which stands for Becke, 3-parameter, Lee-Yang-Parr, is a hybrid 

functional, constructed with a part of exact exchange from Hartree-Fock theory with exchange 

and correlation from other methods (ab initio or semi-empirical), equations 2.11 and 2.12. For 

further details about the B3LYP,  we refer the reader to the literature.45-48 B3LYP is the widely 

used functional because it shows significant improvement from Hartree-Fock results and is 

generally faster. Also, it gives very good results compared to the other functionals for small 

organic molecules. A hybrid exchange-correlation (Ex-Ec) functional is generally given as a 

linear combination of the Hartree-Fock exact exchange functional.49 Barone et al. have shown 

that B3LYP exchange and correlational functional offer an excellent compromise between 



 

12 

accuracy and computational cost, and provides satisfactory results for studying the vibrational 

spectroscopic details of small organic molecules.50  

                                                            𝐸𝑋
𝐵3𝐿𝑌𝑃 = 0.8𝐸𝑋

𝐿𝐷𝐴 + 0.2𝐸𝑋
𝐻𝐹 + 0.72Δ𝐸𝑋

𝐵88                         (2.11) 

                                                                 𝐸𝐶
𝐵3𝐿𝑌𝑃 = 0.19𝐸𝐶

𝑉𝑊𝑁3 +  0.81𝐸𝐶
𝐿𝑌𝑃                                (2.12) 

2.4 Basis Sets 

 In quantum calculations, molecule orbitals (MOs) are written as the linear combinations 

of atomic orbitals, and it is called Linear Combination of Atomic Orbitals-Molecular Orbitals 

[LCAO-MO].  

                                                                   


=
n

ii c                                                        (2.13) 

 Usually, i, j, k, l ….. are used for the MOs, and 𝜇, 𝑣, 𝜆, 𝛿 … for AOs.  n is the number 

AOs. An atomic orbital is a wave function for a single electron in an atom.51 

2.4.1 Slater-type and Gaussian-type Orbitals 

 Initially, the Slater-type Orbitals (STOs) were used as the basis functions because of their 

similarity to AOs of the hydrogen atom.52  

                                                 ѱ𝑛𝑙𝑚𝐴( rA , θA , ɸA ) = fn (rA) 𝑌𝑙
𝑚 ( θA, ɸA )                               (2.14)             

                                       𝑓𝑛
𝑆𝑇𝑂 (rA) = 𝑟𝐴

𝑛−1 𝑒−ζr𝐴                                                  (2.15) 

        Here, is the screening constant depends on various basis functions. (rA , θA , ɸA) are 

spherical coordinates, and fn (rA) and  𝑌𝑙
𝑚 ( θA , ɸA ) are the radial and angular momentum parts. 

n, l, and m are principle, angular momentum, and magnetic quantum numbers, respectively. The 

STOs are exponential functions on distance from the nucleus (A) which is similar to the AOs of 

hydrogen orbitals and converge rapidly with an increasing number of functions. These functions 

are not suitable for fast calculations due to the calculation of three and four center integrals. 
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Then, it was found that the use of Gaussian-type orbitals (GTOs) is much simpler instead of 

STOs. However, a single GTO is not sufficient to describe AOs. Therefore, a linear combination 

of GTOs (contracted GTO or CGTO) is used to describe the AOs as follows, 

                                                               𝑓𝑙
𝐺𝑇𝑂 (rA) = 𝑟𝐴

𝑙 𝑒−α𝑟𝐴
2
                                                  (2.16) 

                      𝑓𝑙
𝐶𝐺𝑇𝑂 (rA) = 𝑟𝐴

𝑙 ∑ 𝑑𝑖𝑒
−α𝑖𝑟𝐴

2

𝑖                                                (2.17) 

 where α is also a coefficient depending on the various basis functions. The use of ten 

GTOs is much faster than STOs. STO is a minimal basis set where only enough functions are 

used to accommodate all electrons.53 

2.4.2 Split Basis Sets 

 The minimal basis sets (STO-nGTO) do not adequately describe anisotropic electron 

distribution in molecules. Each split basis set has a set of two (or more) functions of different 

sizes or radial distributions, allowing more flexibility. In a minimal or single-zeta (SZ) basis set, 

the first-row elements have five AOs (1s, 2s, and 2p). For the double-zeta (DZ) basis set, there 

are two sets of basis functions for each sub-shell. Hence, for the first-row elements, twelve AOs 

are allocated (1s, 1s´ 2s, 2s´, 2p, and 2p´). All the functions that are used to double are called 

outer functions (1s´, 2s´ and 2p´) while minimal basis functions are called ‘inner’ functions. The 

inner function has a larger exponent and therefore it is tighter, the outer has smaller , and it is 

more diffused. Similarly, triple-zeta (TZ), quadruple-zeta (QZ), and quintuple (5Z)… basis sets 

are also used. Since the core electrons are chemically insignificant and constant,  Split-valence 

basis sets are used to improve the flexibility of the valence region and use a single (contracted) 

set of functions for the core electrons. Hence, the valence double-zeta basis set double the 

number of basis functions in the valence region only. For example, the first row elements then 

have ten AOs (1s, 2s, 2s´, 2p, and 2p´). Moreover, polarization basis functions were also added 
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to improve the description of anisotropic electron distribution. Thus, normally p orbitals are 

added to the H and He atoms, d orbitals are added to first-row atoms, and f orbitals are added to 

second-row atoms. Normal split valence basis sets describe electron distribution not far away 

from the nucleus. Some cases have electron distribution far away from nuclear centers (e.g., 

anions, molecules with lone pairs of electrons, excited states, transition states). One adds 

additional s (for H and He) and p (for heavy atoms) functions with very diffuse radial 

distributions.54-56 

2.4.3 Pople Style Basis Sets 

 The notation for the split-valence basis sets was first introduced by John Pople’s group. 

The basis set notation looks like k-nlm++G** or k-nlm++G(idf,jpd), where k primitive GTOs for 

core electrons, n primitive GTOs for inner valence orbitals, l primitive GTOs for medium 

valence orbitals, and m primitive GTOs for outer valence orbitals. “+” means 1 p diffuse 

functions added to heavy atoms and “++” means 1 p diffuse functions added to heavy atoms and 

1 s diffuse functions added to H atom. “*” means 1 d polarization functions added to heavy 

atoms. “**” means 1 d polarization functions added to heavy atoms and 1 p polarization 

functions added to H atom. “idf” means i d and 1 f polarization functions added to heavy atoms. 

“idf,jpd” means i d and 1 f polarization functions added to heavy atoms and j p and 1 d 

polarization functions added to H atom. In DZ split valence basis sets, inner valance basis 

orbitals are the minimal basis functions (ex; 2s, 2p), medium and outer valance orbitals are the 

set of added basis functions (2sʹ,2pʹ). In TZ split valence basis sets, inner valance basis orbitals 

are the minimal basis functions (ex; 2s, 2p), medium valance basis orbitals are the first set of 

added basis functions (2sʹ,2pʹ) and outer valance orbitals are the second set of added basis 

functions (2sʹʹ,2pʹʹ).57-61 
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 Example: DZ split valance : 3-21G, 6-31G, 3-21G*,3-21+G*, 6-31+G**, 6-31++G(d,p) 

                            TZ split valance : 6-311G, 6-311+G(2df,p), 6-311++G(df,pd) 

 In this study, the IR spectra of three aryl-azides were calculated using seven basis sets: 6-

31G(d,p), 6-31+G(d,p), 6-31++G(d,p), 6-311G(d,p), 6-311+G(d,p), 6-311++G(d,p) and 6-

311++G(df,pd) to understand the basis set effect on Fermi resonance in azide absorption profile. 

2.5 Gaussian 16W software 

 Gaussian 16W is a computer program designed for computational chemistry 

calculations.42 It is the latest version in the Gaussian series of electronic structure programs. The 

calculated properties using Gaussian software include the energies, molecular geometries, 

frequencies of molecules, etc. It can be used to study intermediates that are impossible to observe 

experimentally. The GaussView 6.0.16 (Figure 2.1) is a graphical user interface that enables to 

input structure to Gaussian 16W and to examine the output structures generated after calculations 

from Gaussian. Hence, GaussView software helps to visualize the results of Gaussian 

calculations by using different types of graphical techniques such as optimized molecular 

structures, IR, Raman, NMR, and other spectra, molecular orbital diagrams, and atomic charge 

distributions, and so on. 

 Figure 2.1 – The graphical user interface of the GaussView 6.0.16 
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2.6 Geometry Optimization 

 Geometry optimization is a process used to obtain the minimum energy configuration of 

a molecule. When a molecule is built-in GaussView software the initial geometry is not a stable 

configuration. Thus, that energy optimization for each molecule is necessary. This process is 

called geometry optimization. The stable structure can be corresponding to the local minima or 

global minima. In the process of geometry optimization, searching for minimum energy from the 

initial structure take place, see Figure 2.2.62  

 The geometry optimization is necessary before the anharmonic frequency calculations of 

the aryl-azides. It is necessary to check whether the geometry optimization calculations are 

successfully converged at the default settings of convergence (i.e., opt without any additional 

information sets the RMS force criterion to 3*10-4). Once the current values of all four criteria 

fall below the threshold, the optimization is completed. The next step is to perform harmonic 

frequency calculations and no imaginary frequencies should be found when a structure is at the 

minimum. 

           Figure 2.2 - Schematic diagram of geometry optimization 
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2.7 Anharmonic Frequency Calculations 

 Anharmonic frequency calculations are needed to understand the presence of FRs by 

determining the frequencies, intensities, and cubic force constants of overtones and combination 

bands. Thus, DFT analysis was carried out on three aryl-azide compounds for combined 

geometry optimization and frequency calculations along with anharmonic corrections. In this 

study, cubic force constants Kijk were obtained using triple of modes i, j, and k, (where k, is 

fundamental, and i and j are combination band or overtone modes, respectively). To read out 

cubic force constant values from the Gaussian output file, the mode numbers of i, j, and k are 

needed to convert into (N - i + 1), (N - j + 1), and (N - k + 1), respectively, where N is the 

degrees of freedom of the molecule. The third-order Fermi resonance parameter (TFR) for the 

triple of modes i, j, and k using resonance distance (∆ω) was calculated as follows, 

                                            ∆ω = |ωi + ωj – ωk|                                                  (2.18) 

                                                                     TFR =   |
𝐾𝑖𝑗𝑘

∆ω
|                                                       (2.19) 

 Modes are considered resonant when TFR is of order ~1 or larger.63-65 This value 

provides insights into what possible FRs are present in the complex absorption profile of azide 

compounds more directly than using cubic force constants. In this work, we make 

recommendations for the choice of basis set based on comparing four parameters: peak 

intensities, peak positions relative to the fundamental vibration, cubic force constant, and TFR 

values. Relative peak position (∆ω’) is calculated as,  

                                                                     ∆ω’ = ωij – ωk                                                      (2.20)    

 where, ωij and ωk are wavenumbers of the combination band or overtone and fundamental 

vibration, respectively. 



 

18 

2.8 IEFPCM Solvent Model 

 The polarizable continuum model (PCM) using the integral equation formalism variant 

(IEFPCM) was used to model the solvent. The SCRF keyword in Gaussian specifies that 

calculation needs to be performed in a solvent by placing the molecule of interest (solute) into a 

void cavity within a continuous dielectric medium mimicking the solvent. The shape and size of 

the cavity are different for various versions of the continuum models. In Gaussian, the default 

SCRF method is the IEFPCM solvent model. In this model, the solute cavity creates via a set of 

overlapping spheres. For further details of the solvent model, see Tomasi et. al.66-74 The 

NNDMA and THF were used to study the solvent effect on azide absorption profile. The 

dielectric constants (ԑ) of the NNDMA and THF are 37.8 and 7.58, respectively. Since the higher 

dielectric constant indicates higher polarity, NNDMA is much more polar than THF solvent. 

2.9 Overview 

 In this chapter, we provided an overview of the computational background of the 

Gaussian software, DFT, B3LYP functional, basis sets, and IEFPCM solvent model. The 

combined geometry optimization, harmonic frequency, and anharmonic frequency calculations 

were carried out using seven basis sets: 6-31G(d,p), 6-31+G(d,p), 6-31++G(d,p), 6-311G(d,p), 6-

311+G(d,p), 6-311++G(d,p), and 6-311++G(df,pd) to investigate intramolecular, solvent, and 

basis set effects on azide absorption profiles of three modified aryl-azide compounds: 4-

azidotoluene, 4-azidoacetanilide and 4-azido-N-phenylmaleimide. The next chapter emphasizes 

vibrational coupling and Fermi resonance in 4-azidotoluene and 4-azidoacetanilide, and Chapter 

4 focuses on 4-azido-N-phenylmaleimide. Peak intensities, peak positions relative to the azide 

asymmetric stretch, cubic force constants, and the TFR constants were extensively discussed. 
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CHAPTER 3 

DFT STUDIES OF VIBRATIONAL COUPLING AND FERMI RESONANCE IN 4-

AZIDOTOLUENE AND 4-AZIDOACETANILIDE 

3.1 Introduction  

 Understanding protein structures and structural changes in response to their surroundings 

is challenging. Aryl-azides have shown promise as powerful vibrational probes for site-specific 

studies of proteins because of the high transition dipole strength of the azide asymmetric stretch. 

However, azide probes have broad bandwidths and complex absorption profiles due to Fermi 

resonances (FRs). Thus, understanding these complex absorption profiles using computational 

calculations could lead to the wider use of azide-based vibrational probes. The major advantages 

of computational studies are that they directly tabulate how many vibrational modes exist, 

indicate what types of modes they are, and provide 3D animations of these stretching and 

bending vibrations. By running anharmonic frequency calculations of azide compounds, we can 

readily identify fundamental vibrations, overtones, and combination bands and from that deduce 

accidental FRs. Additionally, it is helpful to understand the vibrational spectrum of an azide 

compound before experimental analysis. By running a single computational calculation, it can be 

determined if the absorption profile is too complicated to yield an understanding of protein 

structure and dynamics from experimental results without too much time or difficulty.  Thus, 

computational calculations can provide a basic idea of whether an azide VP is suitable for 

understanding protein local environment and dynamics in a specific application. Although 

computational studies have been carried out to understand complex adsorption profiles of VPs, 

there has been no work done to understand the complex adsorption profile of azide VPs using 

different basis sets. Herein we report how different basis sets predict the vibrational spectra of 
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two aryl azide compounds, 4-azidotoluene and 4-azidoacetanilide, see Figure 1. Recently, 4-

azido-L-phenylalanine, the unnatural amino acid modified with an azide moiety has been studied 

experimentally and theoretically.75-79 Thus, we chose to investigate 4-azidotoluene, which is a 

simple analog to 4-azido-L-phenylalanine. Since 4-azidoacetanilide has a linker that mimics a 

peptide bond, it can produce a peptide bond and clip the aryl azide to the protein site of interest. 

It has been shown that the use of 4-azidoacetanilide as a VP is less likely due to a more complex 

azide asymmetric adsorption profile compared to 4-azidotoluene. Studying these two aryl-azide 

compounds also provides an opportunity to understand the impact of intramolecular interactions 

on their vibrational spectra as the only difference between 4-aziodtoluene and 4-azidoacetanilide 

is the addition of a peptide bond. To understand the solvent effect, NNDMA and THF solvents 

were used with the IEFPCM solvent model. This study has shown that these aryl-azides VPs are 

less sensitive to the solvent suggesting that they would be useful when solvent composition 

changes throughout the experimental time scale. For ease of understanding, the azide absorption 

profiles of the two molecules are described in each solvent separately.   

     Figure 3.1 - Optimized Structures of 4-azidotoluene (left) and 4-azidoacetanilide (right) 
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3.2 4-azidotoluene 

 First, the structural parameters of optimized 4-azidotoluene were studied to understand 

the basis sets effect and solvent effect on bond distances, bond angles, and dihedral angels 

because the force constant depends on these structural parameters. Table 3.1-3.3 shows structural 

parameters for both solvents and seven basis sets. For ease of reading, atoms are numbered in 

Figure 3.1, and bond distances, angles, and dihedral angles are labeled. In 4-azidotoluene, the 

azide group and benzene ring are in the same plane (D9 ≈ 1800). There’s no significant change in 

the bond distances and bond angles. However, dihedral angels of the D12, D13, and D14 are 

changing considerably with different basis sets and solvents. Since the methyl group has sp3 

hybridization, all sp3 C-H bonds can easily rotate, and this will change the strength of the bonds.  

 Then, the DFT calculated frontier molecular orbitals HOMO and LUMO of 4-

azidotoluene are illustrated in Figure 3.2. The HOMO orbital is distributed in the region 

perpendicular to the bond axis only avoiding hydrogen atoms in the benzene ring while the 

LUMO orbital is localized parallel to the bond axis and only covers the azide region and three 

carbon atoms close to the azide group. The HOMO and LUMO orbitals are the same for all basis 

sets and both solvents except for a slight electron density change around the methyl group of the 

HOMO orbital of 6-31+G(d,p), 6-311+G(d,p), 6-311++G(d,p), and 6-311++G(df,pd) basis sets. 

In these basis sets, the shape of the orbital is a little bit deviated from the other HOMO orbital. 

However, Tables 3.4 and 3.5 show that the energies and HOMO-LUMO gaps are similar in 6-

31+G(d,p)/6-31++G(d,p) and 6-311+G(d,p)/6-311++G(d,p) pairs separately. Moreover, both 

NNDMA and THF have a similar HOMO-LUMO gap for each basis set. Here, we can see how 

the dihedral angle changes in the methyl group describe the changes in the HOMO orbital. 



 

22 

Table 3.1 – Bond distances (Å) of 4-azidotoluene with seven basis sets: 6-31G(d,p), 6-31+G(d,p), 6-31++G(d,p), 6-311G(d,p), 6-

311+G(d,p), 6-311++G(d,p), 6-311++G(df,pd) and two solvents, NNDMA (N) and THF (T). 

 

  

Label Definition 
6-31G(d,p) 6-31+G(d,p) 6-31G++(d,p) 6-311G(d,p) 6-311+G(d,p) 6-311++G(d,p) 6-311++G(df,pd) 

N T N T N T N T N T N T N T 

R1 R(1,2) 1.402 1.402 1.402 1.402 1.403 1.403 1.399 1.399 1.400 1.399 1.400 1.399 1.396 1.396 

R2 R(1,3) 1.403 1.403 1.405 1.405 1.404 1.404 1.400 1.400 1.401 1.401 1.401 1.402 1.399 1.399 

R3 R(2,4) 1.394 1.393 1.397 1.397 1.396 1.396 1.392 1.392 1.393 1.393 1.393 1.394 1.391 1.391 

R4 R(2,5) 1.087 1.087 1.087 1.087 1.087 1.087 1.085 1.085 1.085 1.085 1.085 1.085 1.084 1.084 

R5 R(3,6) 1.392 1.392 1.393 1.393 1.394 1.394 1.390 1.390 1.391 1.390 1.391 1.390 1.387 1.387 

R6 R(3,7) 1.087 1.087 1.087 1.087 1.087 1.087 1.085 1.085 1.085 1.085 1.085 1.085 1.084 1.084 

R7 R(4,8) 1.400 1.400 1.400 1.400 1.401 1.401 1.398 1.398 1.398 1.397 1.398 1.397 1.395 1.395 

R8 R(6,8) 1.399 1.399 1.401 1.400 1.400 1.400 1.397 1.397 1.397 1.397 1.397 1.398 1.395 1.395 

R9 R(4,9) 1.086 1.086 1.086 1.086 1.086 1.086 1.084 1.084 1.084 1.084 1.084 1.084 1.083 1.083 

R10 R(6,10) 1.085 1.085 1.085 1.085 1.085 1.085 1.083 1.083 1.083 1.083 1.083 1.083 1.082 1.082 

R11 R(8,11) 1.424 1.424 1.425 1.425 1.425 1.425 1.423 1.423 1.424 1.424 1.424 1.424 1.422 1.421 

R12 R(11,12) 1.235 1.235 1.235 1.235 1.235 1.235 1.231 1.231 1.230 1.230 1.230 1.230 1.228 1.228 

R13 R(12,13) 1.142 1.142 1.142 1.142 1.142 1.142 1.134 1.134 1.134 1.134 1.134 1.134 1.132 1.132 

R14 R(1,14) 1.510 1.510 1.511 1.511 1.511 1.511 1.509 1.509 1.509 1.509 1.509 1.509 1.507 1.507 

R15 R(14,15) 1.094 1.094 1.094 1.094 1.094 1.094 1.092 1.092 1.092 1.092 1.092 1.092 1.090 1.090 

R16 R(14,16) 1.097 1.097 1.097 1.097 1.097 1.097 1.096 1.096 1.096 1.095 1.096 1.095 1.094 1.094 

R17 R(14,17) 1.094 1.094 1.095 1.095 1.094 1.094 1.092 1.092 1.092 1.093 1.092 1.093 1.092 1.092 
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Table 3.2 – Bond angels of 4-azidotoluene with different basis sets: 6-31G(d,p), 6-31+G(d,p), 6-31++G(d,p), 6-311G(d,p), 6-

311+G(d,p), 6-311++G(d,p), 6-311++G(df,pd) and two solvents, NNDMA (N) and THF (T). 

 

 

Label Definition 
6-31G(d,p) 6-31+G(d,p) 6-31G++(d,p) 6-311G(d,p) 6-311+G(d,p) 6-311++G(d,p) 6-311++G(df,pd) 

N T N T N T N T N T N T N T 

A1 A(1,2,3) 117.79 117.78 117.74 117.74 117.75 117.74 117.76 117.76 117.75 117.75 117.75 117.75 117.75 117.74 

A2 A(1,2,4) 121.62 121.61 121.65 121.65 121.64 121.64 121.59 121.59 121.61 121.61 121.61 121.61 121.61 121.61 

A3 A(1,2,5) 119.49 119.47 119.53 119.52 119.54 119.52 119.54 119.53 119.56 119.54 119.56 119.53 119.54 119.53 

A4 A(1,3,6) 121.43 121.44 121.45 121.46 121.46 121.47 121.44 121.45 121.46 121.47 121.46 121.46 121.45 121.46 

A5 A(1,3,7) 119.50 119.49 119.55 119.54 119.54 119.52 119.53 119.52 119.54 119.54 119.54 119.54 119.54 119.53 

A6 A(2,4,8) 119.56 119.57 119.51 119.53 119.52 119.54 119.67 119.68 119.60 119.61 119.60 119.60 119.62 119.64 

A7 A(3,6,8) 119.81 119.82 119.79 119.80 119.78 119.79 119.90 119.90 119.83 119.83 119.83 119.84 119.86 119.87 

A8 A(2,4,9) 119.94 119.94 119.73 119.74 119.75 119.76 119.76 119.77 119.68 119.69 119.68 119.68 119.66 119.67 

A9 A(3,6,10) 120.94 120.97 120.83 120.88 120.82 120.87 120.93 120.98 120.80 120.86 120.80 120.87 120.79 120.84 

A10 A(4,8,6) 119.79 119.77 119.84 119.82 119.84 119.82 119.64 119.63 119.75 119.73 119.75 119.74 119.70 119.68 

A11 A(6,8,11) 116.15 116.16 116.14 116.15 116.18 116.19 116.35 116.36 116.33 116.33 116.33 116.31 116.40 116.41 

A12 A(8,11,12) 118.68 118.65 118.80 118.76 118.80 118.75 118.90 118.87 119.02 119.00 119.01 118.98 119.27 119.24 

A13 A(11,12,13) 172.61 172.63 172.75 172.77 172.77 172.78 172.92 172.94 172.88 172.92 172.81 172.93 172.80 172.82 

A14 A(1,2,14) 121.11 121.14 121.34 121.34 121.15 121.14 121.14 121.15 121.15 121.24 121.14 121.32 121.32 121.33 

A15 A(1,14,15) 111.42 111.42 111.33 111.34 111.37 111.39 111.36 111.37 111.35 111.35 111.35 111.33 111.31 111.31 

A16 A(1,14,16) 111.15 111.18 111.09 111.10 111.03 111.05 111.00 111.02 110.94 110.97 110.95 111.03 111.00 111.03 

A17 A(1,14,17) 111.40 111.40 111.34 111.36 111.35 111.37 111.34 111.35 111.33 111.34 111.33 111.32 111.30 111.31 

A18 A(15,14,16) 107.26 107.28 107.62 107.59 107.36 107.35 107.38 107.39 107.40 107.50 107.40 107.60 107.62 107.63 

A19 A(15,14,17) 108.23 108.18 108.16 108.12 108.26 108.20 108.27 108.22 108.31 108.23 108.30 108.17 108.26 108.19 

A20 A(16,14,17) 107.18 107.17 107.12 107.14 107.28 107.29 107.31 107.31 107.33 107.27 107.32 107.20 107.17 107.19 
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Table 3.3 – Dihedral angels of 4-azidotoluene with different basis sets: 6-31G(d,p), 6-31+G(d,p), 6-31++G(d,p), 6-311G(d,p), 6-

311+G(d,p), 6-311++G(d,p), 6-311++G(df,pd) and two solvents, NNDMA (N) and THF (T). 

 

 

Label Definition 
6-31G(d,p) 6-31+G(d,p) 6-31G++(d,p) 6-311G(d,p) 6-311+G(d,p) 6-311++G(d,p) 6-311++G(df,pd) 

N T N T N T N T N T N T N T 

D1 D(4,2,1,3) 0.29 0.28 0.20 0.21 0.30 0.30 0.25 0.25 0.29 0.27 0.30 0.23 0.24 0.22 

D2 D(5,2,1,3) -179.60 -179.62 -179.72 -179.71 -179.59 -179.58 -179.61 -179.61 -179.58 -179.60 -179.56 -179.67 -179.66 -179.69 

D3 D(6,3,1,2) -0.28 -0.28 -0.20 -0.21 -0.31 -0.32 -0.25 -0.25 -0.29 -0.28 -0.31 -0.24 -0.25 -0.23 

D4 D(7,3,1,2) 179.60 179.61 179.71 179.70 179.59 179.58 179.60 179.61 179.57 179.60 179.56 179.67 179.66 179.69 

D5 D(8,6,3,1) 0.10 0.11 0.07 0.07 0.13 0.13 0.08 0.08 0.10 0.09 0.10 0.08 0.09 0.08 

D6 D(9,4,2,1) -179.85 -179.84 -179.90 -179.89 -179.85 -179.85 -179.85 -179.84 -179.86 -179.87 -179.87 -179.89 -179.90 -179.90 

D7 D(10,6,3,1) 179.85 179.86 179.91 179.91 179.87 179.86 179.84 179.84 179.86 179.88 179.87 179.91 179.91 179.92 

D8 D(11,8,6,3) 179.86 179.84 179.92 179.91 179.87 179.87 179.88 179.88 179.87 179.88 179.87 179.91 179.91 179.91 

D9 D(12,11,8,6) -179.91 -179.95 -179.95 -179.96 -179.97 -179.96 -179.90 -179.90 -179.93 -179.96 -179.93 -179.94 -179.95 -179.97 

D10 D(13,12,11,8) -179.99 -179.98 -179.97 -179.99 -179.90 -179.89 -179.98 -179.98 180.00 -179.96 -179.65 -179.93 -179.93 -179.93 

D11 D(14,1,2,4) -178.62 -178.63 -179.00 -178.95 -178.59 -178.58 -178.63 -178.62 -178.61 -178.69 -178.62 -178.94 -178.97 -179.02 

D12 D(15,14,1,2) -28.17 -26.84 -14.33 -15.07 -27.65 -28.19 -28.14 -27.85 -28.11 -22.60 -28.09 -16.38 -16.28 -15.56 

D13 D(16,14,1,2) 91.40 92.79 105.60 104.83 91.94 91.41 91.45 91.76 91.45 97.11 91.48 103.48 103.57 104.33 

D14 D(17,14,1,2) -149.14 -147.75 -135.11 -135.82 -148.59 -149.08 -149.08 -148.73 -149.09 -143.48 -149.07 -137.17 -137.15 -136.35 
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Figure 3.2 - Spatial distributions of HOMO and LUMO frontier molecular orbitals of 4-

azidotoluene in NNDMA and THF solvents for seven basis sets. Orbital energy eigenvalues (in 

eV) are shown below each molecular orbital. The red and green color lobes correspond to the 

two different phases of the orbital wave function with positive and negative signs, respectively. 
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 As mentioned before, the slight change in the HOMO orbital in 6-31+G(d,p), 6-

311+G(d,p), 6-311++G(d,p), and 6-311++G(df,pd) basis sets is due to the changes in the 

dihedral angle of the methyl group. According to Table 3.3, the dihedral angles D12, D13, and 

D14 are greatly changing for both solvents in 6-31+G(d,p) and 6-311++G(df,pd) and for THF 

solvent in 6-311+G(d,p) and 6-311++G(d,p) basis sets, separately. Hence, this will result in huge 

changes in the strength of the vibrational modes consisting of methyl group. The energies of the 

molecule decrease (more negative) from 6-31G(d,p) to 6-311++G(df,pd) and ~0.02 eV high in 

NNDMA solvent. But HOMO-LUMO gap has the order of 6-311G(d,p) > 6-31G(d,p) > 6-

311++G(df,pd) > 6-311+G(d,p)/6-311++G(d,p) > 6-31+G(d,p)/6-31++G(d,p) and similar for 

both solvents.   

Table 3.4 – Energies and HOMO-LUMO gap for the 4-azidotoluene in NNDMA. 

Basis set Energy (au) HOMO(au) HOMO(eV) LUMO(au) LUMO(eV) HL gap (eV) 

6-31G(d,p) -435.170516 -0.22 -6.04 -0.04 -1.06 4.99 

6-31+G(d,p) -435.185925 -0.23 -6.29 -0.05 -1.47 4.82 

6-31++G(d,p) -435.186090 -0.23 -6.29 -0.05 -1.47 4.82 

6-311G(d,p) -435.268606 -0.23 -6.24 -0.04 -1.15 5.09 

6-311+G(d,p) -435.274933 -0.23 -6.34 -0.05 -1.43 4.91 

6-311++G(d,p) -435.275006 -0.23 -6.34 -0.05 -1.43 4.91 

6-311++G(df,pd) -435.292966 -0.23 -6.35 -0.05 -1.39 4.95 

 

Table 3.5 – Energies and HOMO-LUMO gap for the 4-azidotoluene in THF.  

Basis set Energy (au) HOMO(au) HOMO(eV) LUMO(au) LUMO(eV) HL gap (eV) 

6-31G(d,p) -435.169858 -0.22 -6.03 -0.04 -1.04 4.99 

6-31+G(d,p) -435.185180 -0.23 -6.28 -0.05 -1.46 4.83 

6-31++G(d,p) -435.185345 -0.23 -6.28 -0.05 -1.46 4.82 

6-311G(d,p) -435.267869 -0.23 -6.23 -0.04 -1.14 5.09 

6-311+G(d,p) -435.274154 -0.23 -6.33 -0.05 -1.41 4.92 

6-311++G(d,p) -435.274230 -0.23 -6.33 -0.05 -1.41 4.92 

6-311++G(df,pd) -435.292202 -0.23 -6.34 -0.05 -1.38 4.96 
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3.2.1 4-azidotoluene in NNDMA  

  Combined geometry optimization and anharmonic frequency calculations of 4-

azidotoluene were performed in NNDMA solvent using seven different basis sets: 6-31G(d,p), 6-

31+G(d,p), 6-31++G(d,p), 6-311G(d,p), 6-311+G(d,p), 6-311++G(d,p), and 6-311++G(df,pd). 

These calculations provide IR spectra of both anharmonic and harmonic vibrational transitions. 

In 4-azidotoluene, there are 17 atoms, so 45 (3N-6) fundamental vibrational modes can be seen. 

Figure 3.2 shows the harmonic spectrum of 4-azidotoluene using the 6-311+G(d,p) basis set. The 

highest intensity peak corresponds to the azide asymmetric stretching vibration, which is located 

at 2213.7 cm-1 with a molar absorptivity coefficient of ~6000 M-1 cm-1. Moreover, this azide 

asymmetric stretching vibration (38th Mode, Fund(38)) is the only visible fundamental vibration 

within the transparent window (~1800 - 2300 cm-1). Mode 30 has the second-highest molar 

absorptivity coefficient with ԑ over 1000 M-1 cm-1, which indicates that transition dipole strength 

or population density of modes 38 and 30 are relatively high. All other fundamental bands have 

an intensity less than 1000 M-1 cm-1.   

 Table 3.4 shows the peak position and intensity of high-intensity peaks for 4-

azidotoluene in NNDMA using the 6-311+G(d,p) basis set. Figure 3.2 also presents both 

harmonic and anharmonic vibrations, and it shows that the intensity of the anharmonic vibrations 

is lower than the harmonic vibrations. In the harmonic analysis, only a single sharp peak within 

the transparent window is observed, while in the anharmonic spectrum, there are several peaks 

within the transparent window. However, only one fundamental band is present, and the other 

peaks are combination bands or overtones. In general, combination bands and overtones have 

less intensity and are barely noticeable in the IR spectrum. However, strong vibrational coupling 

between these bands and the azide asymmetric stretch may result in higher intensities.  
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Figure 3.3 – IR spectra of harmonic (top), both anharmonic and harmonic (bottom) of 4-

azidotoluene in NNDMA using B3LYP/6-311+G(d,p) level in Gaussian-16. 
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Table 3.6 - Normal Modes of 4-azidotoluene in NNDMA using B3LYP/6-311+G(d,p) 

 

 To get deeper insights into the vibrational coupling and FRs, the peak intensities, peak 

positions relative to the fundamental vibration, cubic force constants (Kijk), and TFR values were 

compared. Appendix A shows these values for combination bands and overtones that occur 

within ± 130 cm-1 from the fundamental vibration for seven basis sets.  

 Although there are more than one hundred vibrational modes within the transparent 

window, only a few modes show high intensity or vibrational coupling strength. Figures 3.4 and 

3.5 present intensities and cubic force constants of combination bands or overtones that can 

make resonance with the azide asymmetric stretch. Unexpectedly, for the 6-31G(d,p) basis set, 

the combination band Comb(22 26) has the highest intensity (~1200 km mol-1), and the 

fundamental vibration has a much lower intensity compared to the other six basis sets. Thus, the 

use of the 6-31G(d,p) basis set for anharmonic frequency calculations is questionable.  

 All other basis sets show azide asymmetric stretch intensity greater than 740 km mol-1. 

Then, Comb(18 30) and Comb(15 30) have the second and third highest intensity of ~270 km 

mol-1 and ~35 km mol-1, respectively for more diffused basis sets (i.e., 6-31+G(d,p), 6-

31++G(d,p), 6-311+G(d,p) and 6-311++G(d,p)). But comparatively, both Comb(18 30) and 

Comb(15 30) have less intensity for 6-31G(d,p) and 6-311G(d,p) basis sets, whereas when a 

more diffused and polarized basis set 6-311++G(df,pd) is used, the intensity is relatively high.  

Mode Vibration 
υ(harmonic) / 

cm-1 

υ(anharmonic) / 

cm-1 

I(harmonic) / 

km mol-1 

I(anharmonic) / 

km mol-1 

38 N3 asymmetric stretch 2213.7 2173.9 1795.4 780.9 

35 
4-H sp2 C-H in plane + Benzene ring 

vibration 
1533.4 1499.5 197.6 62.5 

30 
N3 Sym stretch + C-N stretch + ring 

vibrations + all C-H in-plane 
1359.4 1319.1 312.1 49.8 



 

30 

 Moreover, Comb(17 30) has ~30 km mol-1 intensity for triple-zeta basis sets except for 6-

311++G(df,pd), and very low intensity for double-zeta basis sets. The overtone Over(25), which 

is very far away in frequency from Fund(38) has an intensity of ~10 km mol-1 for all basis sets. 

All other vibrational modes have an intensity of less than 10 km mol-1 for every basis set. 

However, these vibrational modes can be FR with a small intensity or cubic force constant. If a 

combination band or overtone mode is very close to the fundamental vibration, and the cubic 

force constant is greater than 1 cm-1, then there’s a great chance of that mode resonant couple 

with the azide asymmetric stretch. But, if a particular mode is very far away from the 

fundamental vibration, then to produce FR, it should have a higher cubic force constant. 

 

Figure 3.4 – Intensities of vibrational modes that can potentially couple with the azide 

asymmetric stretch of 4-azidotoluene for 6-31G(d,p), 6-31+G(d,p), 6-31++G(d,p), 6-311G(d,p), 

6-311+G(d,p), 6-311++G(d,p), 6-311++G(df,pd) basis sets in NNDMA. 
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Figure 3.5 – Cubic force constants of vibrational modes that can potentially couple with the 

azide asymmetric stretch of 4-azidotoluene for 6-31G(d,p), 6-31+G(d,p), 6-31++G(d,p), 6-

311G(d,p), 6-311+G(d,p), 6-311++G(d,p), 6-311++G(df,pd) basis sets in NNDMA. 

 

 According to Figure 3.5, Comb(15 30) has the highest cubic force constant ~55 cm-1 for 

all basis sets, indicating that Comb(15 30) is possibly involved in FR. For six of the seven basis 

sets, Comb(18 30) and Over(25) have the second and third highest coupling constants, ~48 cm-1 

and ~32 cm-1, respectively. Surprisingly, for the 6-311++(df,pd) basis set, the cubic force 

constants for Comb(18 30) and Comb(17 30) were quite different from those obtained with the 

other basis sets while the cubic force constant for Over(25) was similar. This more polarized 

basis set shows an increased cubic force constant of ~31 cm-1 for Comb(17 30) and decreased 

cubic force constant of ~32 cm-1 for Comb(18 30). Interestingly, Comb(17 30) has a cubic force 

constant of less than 10 cm-1 for all basis sets other than 6-311++G(df,pd). For all seven basis 

sets, vibrational modes other than Comb(15 30), Comb(18 30), and Over(25) (and Comb(17 30) 
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in the case of 6-311++G(df,pd)) within the transparent region have cubic force constants less 

than 10 cm-1. Interestingly, we can see the relationship between intensity and cubic force 

constant by studying the peak positions of those possible FRs. 

Figure 3.6 – Frequencies of vibrational modes that can potentially couple with the azide 

asymmetric stretch of 4-azidotoluene for 6-31G(d,p), 6-31+G(d,p), 6-31++G(d,p), 6-311G(d,p), 

6-311+G(d,p), 6-311++G(d,p), 6-311++G(df,pd) basis sets in NNDMA. 

 

Figure 3.6 shows the peak positions for combination bands or overtones that can potentially 

couple with azide asymmetric stretch with the seven basis sets. Qualitatively, the frequencies for 

each vibrational mode show similar trends for all the basis sets. The frequencies of harmonic 

azide asymmetric stretch Har(38) are always greater than anharmonic frequencies Fund(38) for 

all basis sets. Even though Comb(15 30) has a high cubic force constant, it is very far (Δω’ ~100 

cm-1) from the fundamental vibration, which causes it to have lower intensity compared to 

Comb(18 30), which is near the fundamental vibration (Δω’ ~37 cm-1). Over(25) also shows less 
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intensity because of the large Δω’ from the fundamental vibration (Δω’ ~74 cm-1). Comb(17 30) 

and Comb(18 30) have very similar relative peak positions. Thus, it is apparent that the larger 

cubic force constant is why Comb(18 30) has a higher intensity than Comb(17 30). All these 

observations can be directly summarized by TFR values. 

 Table 3.7 gives TFR values for most possible modes that can make FRs with azide 

asymmetric stretch within the transparent window. If the TFR value is higher than 1, then the 

particular combination band or overtone is said to be strongly coupled with fundamental 

vibration. A TFR between 1 and 0.3, indicates that the overtone or combination band is weakly 

coupled to the fundamental vibration. Table 3.7 shows that Comb(18 30) has a TFR value greater 

than 1 for each basis set calculation, which reflects that Comb(18 30) is strongly coupled to the 

azide asymmetric stretch. Although both Comb(15 30) and Over(25) are very far away in 

frequency from the fundamental vibration, they show TFR values of ~0.6 and ~0.4, respectively 

for all basis sets. Therefore, both Comb(15 30) and Over(25) are weakly coupled to the azido 

asymmetric stretch. Also, Comb(17 30) is weakly coupled to the azide asymmetric stretch due to 

the moderate cubic force constant and its relative peak position.  

 

Table 3.7 - TFR values for combination or overtone bands that can potentially couple with azide 

asymmetric stretch in 4-azidotoluene in NNDMA solvent 

 
Mode 6-31G(d,p) 6-31+G(d,p) 6-31++G(d,p) 6-311G(d,p) 6-311+G(d,p) 6-311++G(d,p) 6-311++G(df,pd) 

Comb(15 30) 0.48 0.56 0.58 0.55 0.58 0.60 0.41 

Comb(15 35) 0.11 0.10 0.09 0.10 0.08 0.09 0.51 

Comb(16 30) 0.10 0.05 0.10 0.11 0.10 0.10 0.06 

Comb(17 30) 0.22 0.45 0.37 0.58 0.46 0.58 4.28 

Comb(18 28) 0.12 0.13 0.12 0.07 0.09 0.09 0.08 

Comb(18 29) 0.15 0.16 0.17 0.06 0.07 0.06 0.03 

Comb(18 30) 1.77 2.95 3.00 1.70 1.86 2.05 1.68 

Comb(21 26) 0.00 0.01 0.00 0.00 0.00 0.00 0.00 

Comb(22 26) 0.11 0.01 0.03 0.04 0.02 0.02 0.01 

Comb(23 25) 0.52 0.06 0.33 0.05 0.26 0.29 0.07 

Over(25 ) 0.47 0.45 0.43 0.43 0.40 0.41 0.41 
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Figure 3.7 – Vibrational spectra (transparent window) of 4-azidotoluene for 6-31G(d,p), 6-

31+G(d,p), 6-31++G(d,p), 6-311G(d,p), 6-311+G(d,p), 6-311++G(d,p), 6-311++G(df,pd) basis 

sets in NNDMA.  ∆ω’ = ωij – ωk  (ωij and ωk are wavenumbers of combination band or overtone 

and fundamental vibration, respectively). 

 

 

 Figure 3.7 shows that the 6-31G(d,p) basis set produces a completely different absorption 

profile for 4-azidotoluene by generating a high-intensity peak for a combination band. For other 

basis sets, the absorption profiles are similar, but they clearly show that the absorption profiles 

are red-shifted with a more polarized and diffused character in the basis set. We have shown that 

6-31G(d,p), 6-311G(d,p), and 6-311G(df,pd) basis sets are not suitable for studying FRs while 6-

31+G(d,p), 6-31++G(d,p), 6-311+G(d,p), and 6-311++G(d,p) are suitable for predicting FRs for 

4-azidotoluene in NNDMA. Since 6-31+G(d,p) has the lowest computational cost out of these 

four basis sets, the 6-31+G(d,p)/B3LYP combination is preferred for these types of frequency 

calculations. 
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3.2.2 4-azidotoluene in THF 

 It is important to understand how different solvents affect vibrational coupling and FRs. 

In this section, we report vibrational coupling and FRs of 4-azidotoluene in THF solvent. This 

would help us to understand whether our calculated vibrational coupling and FRs are translatable 

to other solvents. The dielectric constant for NNDMA and THF are 37.8 and 7.6, respectively.  

Figure 3.8 and Table 3.8 show that modes 38 and 30 have the highest intensities in THF as in 

NNDMA solvent. Appendix B show vibrational modes occurring within ±130 cm-1 of the 

fundamental vibration for the seven basis sets.  

 

Table 3.8 - Normal modes of 4-azidotoluene in THF using B3LYP/6-311+G(d,p) 

  

 Figure 3.9 presents high-intensity vibrational modes within the transparent region. The 

highest intensity corresponds to the azide asymmetric stretch Fund(38). The intensity of 

Fund(38) in THF is around 740 km mol-1, which is lower than in NNDMA. Also, intensity of 

Fund(38) slightly less for 6-31G(d,p) and decreased by ~300 km mol-1 for 6-311++G(df,pd). As 

in NNDMA solvent, the second and third highest intensity peaks correspond to Comb(18 30) and 

Comb(15 30), respectively.  

 

Mode Vibration 
υ(harmonic) 

/ cm-1 

υ(anharmonic) 

/ cm-1 

I(harmonic) 

/ km mol-1 

I(anharmonic) 

/ km mol-1 

38 N3 asymmetric stretch 2217.8 1323.4 1620.7 742.6 

35 
4-H sp2 C-H in plane + Benzene ring 

vibration 
1534.2 1497.4 184.8 25.7 

30 
N3 Sym stretch + C-N stretch + ring 

vibrations + all C-H in-plane 
1361.2 2177.1 279.7 132.6 
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Figure 3.8 - IR spectra of harmonic (top), both anharmonic and harmonic (bottom) of 4-

azidotoluene in THF using B3LYP/6-311+G(d,p) level in Gaussian-16. 
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Figure 3.9 – Intensities of vibrational modes that can potentially couple with the azide 

asymmetric stretch of 4-azidotoluene for 6-31G(d,p), 6-31+G(d,p), 6-31++G(d,p), 6-311G(d,p), 

6-311+G(d,p), 6-311++G(d,p), 6-311++G(df,pd) basis sets in THF. 

Figure 3.10 - Vibrational spectra of 4-azidotoluene in NNDMA and THF solvents with 

B3LYP/6-311+G(d,p) level of theory. 
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 Figure 3.10 shows that THF solvent blue shifts both azide asymmetric stretch and 

Comb(18 30) bands. The intensity of these modes is also lower in THF compared to NNDMA, 

but they have a similar trend in both solvents. The major differences in these two solvents are, (i) 

6-311++G(df,pd) basis set introduces two more high-intensity peaks (i.e., Comb(23 25) and 

Comb(21 26)) in THF which are not intense in NNDMA or other basis set calculations in THF, 

and (ii) the high-intensity peak, Comb(22 26) in 6-31G(d,p) in NNDMA solvent is less intense in 

THF solvent (29 km mol-1). Figure 3.11 presents the azide asymmetric stretch adsorption profiles 

in seven basis sets. It clearly shows that 6-31G(d,p) and 6-311++G(df,pd) basis sets are different 

from the rest of the basis set adsorption profiles. Therefore, these calculations verify that these 

two basis sets are not suitable for studying vibrational coupling and FRs. The intensity of 

Comb(17 30) is varying for different basis sets as it was in NNDMA. Over(25) has an intensity 

of ~10 km mol-1, and all other vibrational modes within the transparent window have lower 

intensity than 10 km mol-1. 

 These observations verify that changing the solvents does not influence the identity of 

FRs, but the intensity of each vibrational transition in all basis set calculations is lower with 

THF.  According to Figure 3.12, not only intensity values but also cubic force constants have 

similar trends in both solvents. The highest cubic force constant of ~55 cm-1 is observed for 

Comb(15 30) with all basis sets, and the second-highest cubic force constant ~48 cm-1 is for 

Comb(18 30). Like in NNDMA solvent, the cubic force constant of Comb(18 30) drops to ~36 

cm-1, and that of Comb(17 30) increases to ~32 cm-1 for 6-311++G(df,pd) basis set. Over(25) has 

~32 cm-1 cubic force constant for all basis sets, and Comb(17 30) has a force constant less than 

10 cm-1 for all basis sets except for 6-311G(d,p). All the rest of the vibrational modes within the 

transparent window have a cubic force constant of less than10 cm-1. 
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Figure 3.11 – Vibrational spectra (transparent window) of 4-azidotoluene for 6-31G(d,p), 6-

31+G(d,p), 6-31++G(d,p), 6-311G(d,p), 6-311+G(d,p), 6-311++G(d,p), 6-311++G(df,pd) basis 

sets in THF.  ∆ω’ = ωij – ωk  (ωij and ωk are wavenumbers of combination band or overtone and 

fundamental vibration, respectively). 

Figure 3.12 – Cubic force constants of vibrational modes that can potentially couple with the 

azide asymmetric stretch of 4-azidotoluene for 6-31G(d,p), 6-31+G(d,p), 6-31++G(d,p), 6-

311G(d,p), 6-311+G(d,p), 6-311++G(d,p), 6-311++G(df,pd) basis sets in THF. 
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Figure 3.13 – Frequencies of vibrational modes that can potentially couple with the azide 

asymmetric stretch of 4-azidotoluene for 6-31G(d,p), 6-31+G(d,p), 6-31++G(d,p), 6-311G(d,p), 

6-311+G(d,p), 6-311++G(d,p), 6-311++G(df,pd) basis sets in THF. 

 

 The peak positions of vibrational modes are solvent-dependent. When THF solvent was 

used, the azide asymmetric stretch blue shift for all basis set calculations and 6-311+G(d,p) has 

the lowest wavenumber for Fund(38) and combination band or overtones that can resonate with 

Fund(38). Qualitatively, frequencies for possible FRs show similar trends for all basis set 

calculations, see Figure 3.13.  Like in the NNDMA solvent, Comb(15 30) and Over(25) are very 

far (Δω’ > 100 cm-1 and > 65 cm-1, respectively) away energetically from the Fund(38), and 

Comb(18 30) and Comb(17 30) are positioned so close. 

 Table 3.9 shows TFR values for possible modes that can resonantly couple with the azide 

asymmetric stretch for 4-azidotoluene in THF solvent. Here again, Comb(18 30) has TFR > 1 for 

each basis set calculation because Comb(18 30) is strongly coupled to the azide asymmetric 

stretch. Although both Comb(15 30) and Over(25) are very far away in frequency from the 
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fundamental vibration, they show TFR values of ~0.55 and ~0.45, respectively. Therefore, both 

Comb(15 30) and Over(25) are weakly coupled to the azido asymmetric stretch. Also, Comb(17 

30) is very weakly coupled to the azide asymmetric stretch due to moderate cubic force constant 

and relative peak position.  

 The vibrational modes that contribute to the FRs are shown in Figure 3.14. Interestingly, 

mode 30, which has the second-highest intensity is involved in making FRs. Using 4-

azidotoluene, we have shown that 6-31G(d,p), 6-311G(d,p), and 6-311G(df,pd) are not optimal 

for studying vibrational coupling and FRs. In this case, basis sets 6-31+G(d,p), 6-31++G(d,p), 6-

311+G(d,p), and 6-311++G(d,p) are suitable for studying vibrational coupling and FRs 

qualitatively. Since the 6-31+G(d,p) basis set has the lowest computational cost out of the four 

mentioned basis sets, the 6-31+G(d,p)/B3LYP combination is preferred for these types of 

calculations. Figure 3.10 shows that both solvents have a similar absorption profile for azide 

asymmetric stretch in the 6-311+G(d,p) basis set. However, recommending this level of theory 

by only using one aryl azide molecule is not sufficient. To get a better understanding, it is ideal 

to explore more modified aryl-azide compounds. 

 

Table 3.9 - TFR values for combination or overtone bands that can potentially couple with azide 

asymmetric stretch in 4-azidotoluene in THF solvent. 

 
Mode 6-31G(d,p) 6-31+G(d,p) 6-31++G(d,p) 6-311G(d,p) 6-311+G(d,p) 6-311++G(d,p) 6-311++G(df,pd) 

Comb(15 30) 0.49 0.53 0.57 0.53 0.47 0.59 0.56 

Comb(15 35) 0.11 0.11 0.09 0.10 0.14 0.09 0.10 

Comb(16 30) 0.10 0.05 0.10 0.10 0.07 0.06 0.06 

Comb(17 30) 0.35 0.21 0.36 0.53 0.28 0.29 4.28 

Comb(18 28) 0.09 0.10 0.11 0.07 0.11 0.10 0.07 

Comb(18 29) 0.10 0.17 0.16 0.06 0.03 0.10 0.05 

Comb(18 30) 1.17 2.27 2.44 1.56 2.73 2.05 1.44 

Comb(21 26) 0.00 0.02 0.00 0.00 0.00 0.19 0.02 

Comb(22 26) 0.06 0.09 0.03 0.03 0.01 0.02 0.01 

Comb(23 25) 0.05 0.04 0.44 0.03 0.23 0.13 0.20 

Over(25 ) 0.50 0.45 0.43 0.46 0.43 0.40 0.41 
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Figure 3.14 - Vibrational modes of combination or overtone bands that can potentially couple 

with the azide asymmetric stretch in 4-azidotoluene. 

 

3.3 4-azidoacetanilide 

 The structural parameters of optimized 4-azidoacetanilide were studied to understand the 

basis sets effect and solvent effect on bond distances, bond angles, and dihedral angles. Table 

3.10-3.12 shows structural parameters for both solvents with seven basis sets. For ease of 

understanding, atoms are numbered in Figure 3.1, and bond distances, angles, and dihedral 

angles are labeled. In 4-azidoacetanilide, the azide group and benzene ring are in the same plane 

(D12 ≈ 1800). There’s no significant change in the bond distances and bond angles. However, 

dihedral angels of the D15, D16, D18, D19, and D20 are changing considerably with different 

basis sets and solvents. Since the acetamide group has single bonds, all bonds can easily rotate, 

and this will change the strength of the bonds.  



 

43 

Table 3.10 – Bond distances (Å) of 4-azidoacetanilide with different basis sets: 6-31G(d,p), 6-31+G(d,p), 6-31++G(d,p), 6-311G(d,p), 

6-311+G(d,p), 6-311++G(d,p), 6-311++G(df,pd) and two solvents, NNDMA (N) and THF (T). 

 

  

Label Definition 
6-31G(d,p) 6-31+G(d,p) 6-31G++(d,p) 6-311G(d,p) 6-311+G(d,p) 6-311++G(d,p) 6-311++G(df,pd) 

N T N T N T N T N T N T N T 

R1 R(1,2) 1.403 1.403 1.403 1.403 1.403 1.403 1.400 1.400 1.399 1.399 1.399 1.399 1.397 1.397 

R2 R(1,3) 1.402 1.402 1.402 1.402 1.402 1.402 1.399 1.399 1.399 1.399 1.399 1.399 1.396 1.396 

R3 R(2,4) 1.390 1.390 1.393 1.393 1.393 1.393 1.389 1.389 1.390 1.390 1.390 1.390 1.387 1.387 

R4 R(2,5) 1.086 1.086 1.086 1.086 1.086 1.086 1.084 1.084 1.084 1.084 1.084 1.084 1.083 1.083 

R5 R(3,6) 1.391 1.391 1.393 1.393 1.393 1.393 1.389 1.389 1.389 1.389 1.389 1.389 1.387 1.387 

R6 R(3,7) 1.083 1.083 1.084 1.084 1.084 1.084 1.082 1.082 1.082 1.082 1.082 1.082 1.081 1.081 

R7 R(4,8) 1.402 1.401 1.402 1.402 1.402 1.402 1.399 1.399 1.399 1.399 1.399 1.399 1.397 1.397 

R8 R(6,8) 1.399 1.399 1.400 1.400 1.400 1.400 1.397 1.397 1.397 1.397 1.397 1.397 1.395 1.395 

R9 R(4,9) 1.085 1.086 1.086 1.086 1.085 1.086 1.084 1.084 1.084 1.084 1.084 1.084 1.083 1.083 

R10 R(6,10) 1.085 1.085 1.085 1.085 1.085 1.085 1.083 1.083 1.083 1.083 1.083 1.083 1.082 1.082 

R11 R(8,11) 1.421 1.421 1.422 1.422 1.422 1.422 1.420 1.420 1.421 1.420 1.421 1.420 1.418 1.418 

R12 R(11,12) 1.236 1.236 1.236 1.236 1.236 1.236 1.232 1.232 1.231 1.231 1.231 1.231 1.229 1.229 

R13 R(12,13) 1.141 1.141 1.141 1.141 1.141 1.141 1.133 1.133 1.133 1.133 1.133 1.133 1.131 1.131 

R14 R(1,14) 1.415 1.415 1.421 1.420 1.421 1.420 1.417 1.416 1.421 1.420 1.421 1.420 1.418 1.417 

R15 R(14,15) 1.014 1.014 1.015 1.014 1.015 1.014 1.013 1.013 1.013 1.013 1.013 1.013 1.012 1.012 

R16 R(14,16) 1.377 1.379 1.370 1.373 1.370 1.373 1.375 1.377 1.370 1.372 1.370 1.372 1.368 1.370 

R17 R(16,17) 1.230 1.229 1.238 1.236 1.238 1.236 1.225 1.223 1.231 1.229 1.231 1.229 1.229 1.227 

R18 R(16,18) 1.514 1.515 1.512 1.513 1.512 1.513 1.513 1.514 1.511 1.512 1.511 1.512 1.509 1.510 

R19 R(18,19) 1.095 1.095 1.095 1.095 1.095 1.095 1.093 1.093 1.093 1.093 1.093 1.093 1.092 1.092 

R20 R(18,20) 1.091 1.091 1.091 1.092 1.091 1.092 1.090 1.090 1.090 1.090 1.090 1.090 1.088 1.088 

R21 R(18,21) 1.091 1.091 1.091 1.091 1.091 1.091 1.089 1.089 1.089 1.089 1.089 1.089 1.088 1.088 
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Table 3.11 – Bond angels of 4-azidoacetanilide with different basis sets: 6-31G(d,p), 6-31+G(d,p), 6-31++G(d,p), 6-311G(d,p), 6-

311+G(d,p), 6-311++G(d,p), 6-311++G(df,pd) and two solvents, NNDMA (N) and THF (T). 

 

Label Definition 
6-31G(d,p) 6-31+G(d,p) 6-31G++(d,p) 6-311G(d,p) 6-311+G(d,p) 6-311++G(d,p) 6-311++G(df,pd) 

N T N T N T N T N T N T N T 

A1 A(1,2,3) 118.91 118.86 119.17 119.10 119.17 119.09 118.90 118.84 119.12 119.06 119.13 119.06 119.05 118.99 

A2 A(1,2,4) 120.88 120.91 120.75 120.78 120.75 120.78 120.86 120.89 120.74 120.77 120.74 120.77 120.78 120.81 

A3 A(1,2,5) 119.53 119.49 119.66 119.62 119.66 119.62 119.50 119.47 119.63 119.59 119.63 119.59 119.62 119.59 

A4 A(1,3,6) 120.39 120.42 120.33 120.38 120.34 120.38 120.44 120.48 120.39 120.43 120.39 120.43 120.41 120.45 

A5 A(1,3,7) 120.32 120.26 120.31 120.26 120.31 120.25 120.24 120.18 120.24 120.18 120.24 120.18 120.26 120.21 

A6 A(2,4,8) 119.80 119.81 119.71 119.73 119.71 119.73 119.86 119.88 119.77 119.78 119.76 119.78 119.80 119.82 

A7 A(3,6,8) 120.32 120.33 120.19 120.20 120.18 120.20 120.32 120.34 120.19 120.20 120.19 120.20 120.24 120.25 

A8 A(2,4,9) 119.61 119.62 119.46 119.47 119.46 119.47 119.48 119.49 119.42 119.43 119.42 119.43 119.41 119.42 

A9 A(3,6,10) 120.40 120.45 120.37 120.42 120.36 120.42 120.46 120.50 120.39 120.45 120.39 120.45 120.36 120.41 

A10 A(4,8,11) 124.17 124.18 124.06 124.08 124.06 124.08 124.09 124.09 123.99 124.00 123.98 123.99 123.94 123.96 

A11 A(6,8,11) 116.16 116.19 116.11 116.13 116.10 116.13 116.33 116.36 116.25 116.27 116.25 116.28 116.37 116.39 

A12 A(8,11,12) 118.68 118.63 118.79 118.73 118.78 118.72 118.92 118.89 119.03 118.97 119.03 118.97 119.28 119.23 

A13 A(11,12,13) 172.50 172.55 172.57 172.61 172.59 172.62 172.79 172.82 172.71 172.75 172.72 172.76 172.62 172.66 

A14 A(1,3,14) 122.48 122.50 122.05 122.09 122.06 122.11 122.24 122.27 121.95 121.96 121.93 121.95 122.08 122.11 

A15 A(1,14,15) 116.35 116.42 116.50 116.57 116.49 116.56 116.42 116.48 116.48 116.56 116.49 116.57 116.34 116.42 

A16 A(1,14,16) 131.15 131.23 130.25 130.37 130.27 130.39 130.70 130.79 130.10 130.18 130.07 130.16 130.30 130.40 

A17 A(14,16,17) 119.32 119.31 119.39 119.38 119.39 119.38 119.55 119.55 119.59 119.59 119.60 119.60 119.57 119.56 

A18 A(14,16,18) 119.01 118.96 119.28 119.21 119.28 119.21 118.80 118.73 118.98 118.89 118.96 118.87 119.05 118.98 

A19 A(16,18,19) 110.15 110.15 109.85 109.85 109.85 109.85 109.99 109.99 109.72 109.71 109.74 109.72 109.70 109.69 

A20 A(16,18,20) 113.11 113.13 113.05 113.08 113.05 113.09 113.13 113.15 113.05 113.10 113.03 113.08 113.06 113.10 

A21 A(16,18,21) 107.51 107.45 107.80 107.72 107.79 107.71 107.50 107.44 107.85 107.78 107.86 107.78 107.84 107.76 
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Table 3.12 – Dihedral angels of 4-azidoacetanilde with different basis sets: 6-31G(d,p), 6-31+G(d,p), 6-31++G(d,p), 6-311G(d,p), 6-

311+G(d,p), 6-311++G(d,p), 6-311++G(df,pd) and two solvents, NNDMA (N) and THF (T). 

 

Label Definition 
6-31G(d,p) 6-31+G(d,p) 6-31G++(d,p) 6-311G(d,p) 6-311+G(d,p) 6-311++G(d,p) 6-311++G(df,pd) 

N T N T N T N T N T N T N T 

D1 D(4,2,1,3) -0.80 -0.74 -0.58 -0.54 -0.59 -0.54 -0.65 -0.61 -0.56 -0.52 -0.58 -0.54 -0.64 -0.60 

D2 D(5,2,1,3) 179.55 179.64 179.69 179.78 179.67 179.76 179.63 179.72 179.67 179.77 179.68 179.77 179.63 179.72 

D3 D(6,3,1,2) 1.96 1.94 1.68 1.66 1.69 1.67 1.82 1.80 1.67 1.66 1.69 1.67 1.71 1.70 

D4 D(7,3,1,2) -176.77 -176.77 -177.30 -177.25 -177.27 -177.22 -177.03 -177.01 -177.31 -177.27 -177.32 -177.27 -177.24 -177.21 

D5 D(8,4,2,1) -0.69 -0.73 -0.70 -0.74 -0.69 -0.74 -0.74 -0.77 -0.72 -0.76 -0.70 -0.74 -0.66 -179.50 

D6 D(8,6,3,1) -1.65 -1.66 -1.49 -1.50 -1.51 -1.52 -1.60 -1.62 -1.50 -1.52 -1.50 -1.51 -1.49 -1.50 

D7 D(9,4,2,1) 179.98 179.96 179.98 179.97 179.98 179.97 179.92 179.91 179.96 179.95 179.96 179.95 179.96 179.95 

D8 D(10,6,3,1) 179.72 179.74 179.78 179.81 179.77 179.80 179.75 179.76 179.78 179.81 179.78 179.81 179.79 179.82 

D9 D(2,4,8,11) -179.45 -179.44 -179.51 -179.49 -179.51 -179.50 -179.46 -179.45 -179.51 -179.49 -179.51 -179.49 -179.52 -179.50 

D10 D(3,6,8,11) -179.43 -179.41 -179.43 -179.42 -179.42 -179.41 -179.41 -179.39 -179.42 -179.41 -179.43 -179.42 -179.44 -179.44 

D11 D(4,8,11,12) -0.02 -0.04 -0.28 -0.26 -0.28 -0.25 -0.14 -0.13 -0.29 -0.29 -0.26 -0.27 -0.23 -0.24 

D12 D(6,8,11,12) 179.53 179.51 179.33 179.36 179.34 179.37 179.45 179.46 179.32 179.33 179.35 179.34 179.36 179.36 

D13 D(8,11,12,13) -179.96 179.99 -179.83 -179.92 -179.81 -179.80 -179.93 -179.96 -179.84 -179.89 -179.83 -179.89 -179.90 -179.91 

D14 D(6,3,1,14) 179.08 179.06 178.87 178.86 178.87 178.85 179.01 179.00 178.87 178.86 178.90 178.89 178.93 178.92 

D15 D(3,1,14,15) -142.31 -142.34 -136.22 -136.31 -136.37 -136.43 -138.78 -138.75 -135.10 -134.89 -135.03 -134.81 -136.41 -136.44 

D16 D(1,14,16,17) 45.28 45.21 49.11 48.96 48.86 48.75 48.18 48.07 50.52 50.67 50.75 50.84 49.19 49.07 

D17 D(1,14,16,18) 179.51 179.46 -179.06 -179.07 -178.97 -179.00 179.77 179.82 -179.24 -179.27 -179.39 -179.37 -179.15 -179.14 

D18 D(14,16,18,19) 0.10 0.07 1.53 1.56 1.63 1.65 0.43 0.51 1.32 1.33 1.15 1.21 1.49 1.54 

D19 D(14,16,18,20) -90.13 -90.10 -91.83 -91.97 -91.93 -92.06 -89.45 -89.59 -91.86 -92.01 -91.54 -91.78 -92.11 -92.32 

D20 D(14,16,18,21) 31.08 31.15 29.24 29.16 29.14 29.08 31.66 31.57 29.11 29.02 29.41 29.23 28.86 28.72 
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Figure 3.15 - Spatial distributions of HOMO and LUMO frontier molecular orbitals of 4-

azidoacetanilide in NNDMA and THF solvents for seven basis sets. Orbital energy eigenvalues 

(in eV) are shown below each molecular orbital. The red and green color lobes correspond to the 

two different phases of the orbital wave function with positive and negative signs, respectively. 

 

 

             Basis Set                                                                Frontier Molecular Orbitals 

 NNDMA HOMO NNDMA LUMO THF HOMO THF LUMO 

6-31G(d,p) 

    

 -5.93 -1.13 -5.94 -1.14 

6-31+G(d,p) 

    

 -6.27 -1.55 -6.29 -1.57 

6-31++G(d,p) 

    

 -6.27 -1.55 -6.29 -1.57 

6-311G(d,p) 

    

 -6.15 -1.23 -6.16 -1.25 

6-311+G(d,p) 

    

 -6.33 -1.50 -6.35 -1.52 

6-311++G(d,p) 

    

 -6.33 -1.51 -6.35 -1.52 

6-311++G(df,pd) 

    

 -6.32 -1.47 -6.33 -1.48 
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 Then, the DFT calculated frontier molecular orbitals HOMO and LUMO of 4-

azidoacetanilide are illustrated in Figure 3.15. The HOMO and LUMO orbitals are the same for 

all basis sets and two solvents except for the LUMO orbital in the 6-311G(d,p) basis set. The 

HOMO orbital is distributed in the region perpendicular to the bond axis avoiding all hydrogen 

atoms while the LUMO orbital is localized parallel to the bond axis and only covers the azide 

region and three carbon atoms close to the azide group. According to Table 3.12, the dihedral 

angles D16 and D20 greatly changed for both solvents in 6-31G(d,p) and 6-31G(d,p)/6-

311G(d,p) basis sets, separately due to the free bond rotation around single bonds. Hence, this 

will result in huge changes in the strength of the vibrational modes consisting of the acetamide 

group. The energies of the molecule decrease (more negative) from 6-31G(d,p) to 6-

311++G(df,pd) and ~0.06 eV high in NNDMA solvent. However, Tables 3.13 and 3.14 show 

that the energies and HOMO-LUMO gaps are similar in 6-31+G(d,p)/6-31++G(d,p) and 6-

311+G(d,p)/6-311++G(d,p) pairs separately. But HOMO-LUMO gap has the order of 6-

311G(d,p) > 6-311++G(df,pd) > 6-311+G(d,p)/6-311++G(d,p) > 6-31G(d,p) > 6-31+G(d,p)/6-

31++G(d,p) and similar for both solvents.  

 

Table 3.13 – Energies and HOMO-LUMO gap for the 4-azidoacetanilide in NNDMA. 

Basis set Energy (au) HOMO(au) HOMO(eV) LUMO(au) LUMO(eV) HL gap (eV) 

6-31G(d,p) -603.873140 -0.22 -5.93 -0.04 -1.13 4.80 

6-31+G(d,p) -603.899573 -0.23 -6.27 -0.06 -1.55 4.72 

6-31++G(d,p) -603.899775 -0.23 -6.27 -0.06 -1.55 4.72 

6-311G(d,p) -604.016797 -0.23 -6.15 -0.05 -1.23 4.92 

6-311+G(d,p) -604.030250 -0.23 -6.33 -0.06 -1.50 4.83 

6-311++G(d,p) -604.030390 -0.23 -6.33 -0.06 -1.51 4.83 

6-311++G(df,pd) -604.054945 -0.23 -6.32 -0.05 -1.47 4.85 
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Table 3.14 – Energies and HOMO-LUMO gap for the 4-azidoacetanilide in THF. 

Basis set Energy (au) HOMO(au) HOMO(eV) LUMO(au) LUMO(eV) HL gap (eV) 

6-31G(d,p) -603.871374 -0.22 -5.94 -0.04 -1.14 4.80 

6-31+G(d,p) -603.897356 -0.23 -6.29 -0.06 -1.57 4.72 

6-31++G(d,p) -603.897559 -0.23 -6.29 -0.06 -1.57 4.72 

6-311G(d,p) -604.014923 -0.23 -6.16 -0.05 -1.25 4.91 

6-311+G(d,p) -604.028050 -0.23 -6.35 -0.06 -1.52 4.83 

6-311++G(d,p) -604.028192 -0.23 -6.35 -0.06 -1.52 4.82 

6-311++G(df,pd) -604.052752 -0.23 -6.33 -0.05 -1.48 4.85 

3.3.1 4-azidoacetanilide in NNDMA 

 The harmonic and anharmonic vibrational spectra of 4-azidoacetanilide with 

DFT/B3LYP/6-311+G(d,p) level in NNDMA are shown in Figure 3.16. Table 3.15 illustrates 

vibrational modes with high intensities in the harmonic spectrum. Both Figure 3.16 and Table 

3.15 show that the azide asymmetric stretch (mode 49) has the highest intensity. Then, modes 48, 

45, 40, 39, 38, and 37 have the next highest intensities. Hence, these vibrational modes can be 

contributing to the generation of FRs with azide asymmetric stretch.  

 The 4-azidoacetanilide consists of 21 atoms. Thus, 57 (3N-6) fundamental vibrational 

modes can be seen in the IR spectrum. The anharmonic vibrational spectra of the azide 

adsorption profile with seven different basis sets are shown in Figure 3.17. All the vibrational 

modes occurring within ±120 cm-1 of the fundamental vibration for seven basis sets are shown in 

Appendix C. Unlike the 4-azidotoluene, 4-azidoacetanilide has a very complex absorption profile 

for the azide asymmetric stretch. Different basis sets generate different azide absorption profiles 

except for 6-31+G(d,p), 6-31++G(d,p), and 6-311++G(df,pd) basis sets which have the exact 

absorption profile. Figure 3.18 presents high-intensity peaks within the transparent window in 

seven basis sets. There, some combination bands show higher intensity than azide asymmetric 

stretch in 6-311G(d,p), 6-311+G(d,p), and 6-311++G(d,p) basis sets. For example, Comb(20 45), 
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Comb(22 41) and Comb(21 44) have the highest intensity in 6-311G(d,p), 6-311+G(d,p), and 6-

311++G(d,p) basis sets, respectively. Moreover, Comb(24 40) and Comb(25 39) have high 

intensity in both 6-31G(d,p) and 6-311G(d,p) basis sets. The azide absorption profile of 4-

azidoacetanilide is too complicated with many high-intensity combination bands. For example, 

the 6-311+G(d,p) basis set has high intensities for Comb(22 41) and Comb(16 48) modes which 

will be proven to be non-FRs later. To understand FRs, cubic force constants were studied for 

high-intensity peaks within the transparent window. As shown in Figure 3.19, Comb(24 39) has 

the highest cubic force constant around 50 cm-1.  But it is ~50 cm-1 away from the azide 

asymmetric stretch, see Figure 3.20. Both Comb(22 39) and Over(33) have a cubic force 

constant of ~35 cm-1, but they are also very far away from the fundamental vibration, ~80 and 

~95 cm-1, separately. Then, Comb(24 38) has the cubic force constant > 10 cm-1 except for the 6-

311G(d,p) basis set. But it is also ~50 cm-1 away from the fundamental vibration. Both Comb(25 

39) and Comb(24 40) are somewhat closer to the fundamental vibration with cubic force constant 

< 10 cm-1.  Hence, the intensity of these modes is not high as expected from the vibrational 

coupling. 

 

Table 3.15 – Vibrational modes of 4-azidoacetanilide in NNDMA using B3LYP/6-311+G(d,p) 

 

Mode Vibration 
υ(harmonic) 

/ cm-1 

υ(anharmonic) 

/ cm-1 

I(harmonic) 

/ km mol-1 

I(anharmonic) / 

km mol-1 

49 N
3
 asymmetric stretch 2216.9 2173.9 1868.1 475.4 

48 C=O stretch, C-H in plane 1679.2 1643.2 1045.4 342.2 

45 sp2 C-H in-plane 1535.3 1492.0 463.9 169.8 

40 sp3 C-H oop 1398.4 1371.2 152.0 70.4 

39 
N

3
 Sym stretch + C-N stretch + 

ring vibrations + C-H in-plane 
1363.5 1315.6 143.0 61.3 

38 
C-N stretch + ring vibrations + 

C-H in-plane 
1342.4 1305.8 716.4 2.5 

37 sp2 C-H in-plane 1332.5 1301.8 181.7 219.3 
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Figure 3.16 – IR spectra of harmonic (top), both anharmonic and harmonic (bottom) of 4-

azidoacetanilide in NNDMA using B3LYP/6-311+G(d,p) level in Gaussian-16 
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Figure 3.17 – Vibrational spectra (transparent window) of 4-azidoacetanilide for 6-31G(d,p), 6-

31+G(d,p), 6-31++G(d,p), 6-311G(d,p), 6-311+G(d,p), 6-311++G(d,p), 6-311++G(df,pd) basis 

sets in NNDMA.  ∆ω’ = ωij – ωk  (ωij and ωk are wavenumbers of combination band or overtone 

and fundamental vibration, respectively). 

Figure 3.18 - Intensities of vibrational modes that can potentially couple with the azide 

asymmetric stretch of 4-azidoacetanilide for 6-31G(d,p), 6-31+G(d,p), 6-31++G(d,p), 6-

311G(d,p), 6-311+G(d,p), 6-311++G(d,p), 6-311++G(df,pd) basis sets in NNDMA. 
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Figure 3.19 - Cubic force constants of vibrational modes that can potentially couple with the 

azide asymmetric stretch of 4-azidoacetanilide for 6-31G(d,p), 6-31+G(d,p), 6-31++G(d,p), 6-

311G(d,p), 6-311+G(d,p), 6-311++G(d,p), 6-311++G(df,pd) basis sets in NNDMA. 

Figure 3.20 - Frequencies of vibrational modes that can potentially couple with the azide 

asymmetric stretch of 4-azidoacetanilide for 6-31G(d,p), 6-31+G(d,p), 6-31++G(d,p), 6-

311G(d,p), 6-311+G(d,p), 6-311++G(d,p), 6-311++G(df,pd) basis sets in NNDMA. 
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 Nevertheless, if Kijk < 10 cm-1, and the vibrational mode is very near to the fundamental 

vibration, there is a still chance to generate FRs. For example, Comb(20 45) is 10 cm-1 far away 

from the azide asymmetric stretch except for the 6-31G(d,p) basis set, and has a cubic force 

constant of 5 cm-1. Thus, Comb(20 45) has high intensity comparatively. When comparing the 

general trend of frequencies (Δω’) and resonance shift (Δω) of these FRs to the azide asymmetric 

stretch, they show the same pattern except for Comb(24 40) and Comb(20 45) due to the 

frequency is changing from -Δω’ to +Δω’ for double zeta to triple zeta basis sets. TFR values 

directly estimate what FRs are involved in complex azide adsorption profiles. However, lower 

Δω values can give exceptionally high TFR values. For example, Comb(24 40) has a high TFR 

value of 17.5 due to a low Δω of 0.2 cm-1. To figure out FRs, the consistency of the TFR value is 

important. According to Table 3.17, only Comb(24 39) has TFR > 1. Hence, Comb(24 39) is 

strongly coupled to the azide asymmetric stretch.  

 

Table 3.16 - TFR values for combination or overtone bands that can potentially couple with the 

azide asymmetric stretch in 4-azidoacetanilide in NNDMA solvent 

 

Mode 6-31G(d,p) 6-31+G(d,p) 6-31++G(d,p) 6-311G(d,p) 6-311+G(d,p) 6-311++G(d,p) 6-311++G(df,pd) 

Over(33) 0.443 0.448 0.452 0.480 0.436 0.428 0.429 

Comb(30 34) 0.056 0.000 0.000 0.028 0.000 0.000 0.020 

Comb(29 34) 0.034 0.132 0.294 0.000 3.314 0.102 0.000 

Comb(28 35) 0.006 0.019 0.022 0.008 0.015 0.050 0.175 

Comb(27 35) 0.004 0.008 0.007 0.004 0.008 0.012 0.010 

Comb(25 39) 0.354 0.474 0.403 0.104 0.783 0.423 0.344 

Comb(24 40) 0.121 0.258 0.292 0.121 0.234 0.830 17.541 

Comb(24 39) 0.863 1.022 1.040 2.539 1.267 1.224 1.475 

Comb(24 38) 0.136 0.278 0.286 0.206 0.273 0.265 0.316 

Comb(23 40) 0.006 0.009 0.008 0.021 0.843 0.018 0.000 

Comb(23 39) 0.051 0.079 0.079 0.099 0.081 0.069 0.004 

Comb(22 41) 0.080 0.064 0.059 0.077 0.053 0.068 0.072 

Comb(22 39) 0.336 0.355 0.346 0.375 0.357 0.376 0.370 

Comb(21 44) 0.100 0.047 0.045 0.135 0.045 0.051 0.078 

Comb(20 45) 0.427 2.452 0.914 0.473 0.636 1.383 0.379 

Comb(16 48) 0.004 0.011 0.013 0.007 0.022 0.078 0.005 

Comb(15 48) 0.010 0.017 0.017 0.005 0.294 0.013 0.025 

Comb(14 48) 0.016 0.055 0.047 0.007 0.012 0.011 0.351 
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 Then, Comb(20 45), Comb(25 39), Comb(22 39), and Over(33) were also considered to 

be weakly coupled to the azide asymmetric stretch due to TFR > 0.3. Moreover, Comb(24 40) 

and Comb(24 38) can be also considered as FRs due to very weak coupling (TFR ≈ 0.3). Figure 

3.21 illustrates individual normal modes that contribute to making FRs. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.21 - Vibrational modes of combination or overtone bands that can potentially couple 

with the azide asymmetric stretch in 4-azidoacetanilide. 

 

 

 

 

 

 

Mode 20: N
3
 bend + C-H in-plane + ring vibration 

 

  

                                              

  

  

Mode 22: N
3
 bend + C-H oop + ring vibration 

 

  

                                              

  

  

Mode 24: N
3
 bend + C-H oop + ring vibration 

 

  

                                              

  

  

Mode 25: C-H oop  

 

  

                                              

  

  

Mode 33: N
3
 Sym stretch +sp2 C-H in-plane 

 

  

                                              

  

  

Mode 38: sp2 C-H in-plane, sp3 C-H oop 

 

  

                                              

  

  

Mode 39: N
3
 Sym stretch + sp2 C-H in-plane 

 

  

                                              

  

  

Mode 40: sp3 C-H oop 

 

  

                                              

  

  

Mode 45: sp2 C-H in-plane Mode 49: N
3
 Asym stretch  
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3.3.2 4-azidoacetanilide in THF 

 It has been shown how the azide absorption profile is too complicated for 4-

azidoacetanilide in NNDMA. But we could be able to show FRs by using cubic force constant 

and TFR values, and high-intensity vibrational modes may not be FRs. Here, we present 

theoretical calculations for 4-azidoacetanilide in THF to study the solvent effect as well as to 

verify observed FRs for 4-azidoacetanilide in NNDMA. Both harmonic and anharmonic spectra 

are shown in Figure 3.22 and vibrational modes occurring within ±120 cm-1 of the azide 

asymmetric stretch were shown in Appendix D. Table 3.18 illustrates vibrational modes with 

high intensities in the harmonic spectrum. Anharmonic vibrational spectra of azide adsorption 

profile with seven different basis sets are shown in Figure 3.17. Like in the NNDMA solvent, 4-

azidoacetanilide has a very complex absorption profile for the azide asymmetric stretch. 

Different basis sets generate different azide absorption profiles. 

Table 3.17 – Vibrational modes of 4-azidoacetanilide in THF using B3LYP/6-311+G(d,p) 

 

 

 

Mode Vibration 
υ(harmonic) 

/ cm-1 

υ(anharmonic) 

/ cm-1 

I(harmonic) 

/ km mol-1 

I(anharmonic) / 

km mol-1 

49 N
3
 asymmetric stretch 2220.9 2174. 4 1693.0 795.2 

48 C=O stretch, C-H in plane 1690.8 1684.5 986.4 135.7 

45 sp2 C-H in-plane 1535.9 1487.9 434.7 21.1 

40 sp3 C-H oop 1399.1 1355.1 136.0 17.5 

39 
N

3
 Sym stretch + C-N stretch + 

ring vibrations + C-H in-plane 
1364.5 1312.7 140.6 93.1 

38 
C-N stretch + ring vibrations + 

C-H in-plane 
1340.9 1294.1 631.9 112.6 

37 sp2 C-H in-plane 1332.0 1233.6 193.5 478.1 
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Figure 3.22 – IR spectra of harmonic (top), both anharmonic and harmonic (bottom) of 4-

azidoacetanilide in THF using B3LYP/6-311+G(d,p) level in Gaussian-16. 
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Figure 3.23 - Vibrational spectra (transparent window) of 4-azidoacetanilide for 6-31G(d,p), 6-

31+G(d,p), 6-31++G(d,p), 6-311G(d,p), 6-311+G(d,p), 6-311++G(d,p), 6-311++G(df,pd) basis 

sets in THF.  ∆ω’ = ωij – ωk  (ωij and ωk are wavenumbers of combination band or overtone and 

fundamental vibration, respectively). 

Figure 3.24 - Intensities of vibrational modes that can potentially couple with the azide 

asymmetric stretch of 4-azidoacetanilide for 6-31G(d,p), 6-31+G(d,p), 6-31++G(d,p), 6-

311G(d,p), 6-311+G(d,p), 6-311++G(d,p), 6-311++G(df,pd) basis sets in THF. 
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Figure 3.25 - Cubic force constants of vibrational modes that can potentially couple with the 

azide asymmetric stretch of 4-azidoacetanilide for 6-31G(d,p), 6-31+G(d,p), 6-31++G(d,p), 6-

311G(d,p), 6-311+G(d,p), 6-311++G(d,p), 6-311++G(df,pd) basis sets in THF. 

Figure 3.26 - Frequencies of vibrational modes that can potentially couple with the azide 

asymmetric stretch of 4-azidoacetanilide for 6-31G(d,p), 6-31+G(d,p), 6-31++G(d,p), 6-

311G(d,p), 6-311+G(d,p), 6-311++G(d,p), 6-311++G(df,pd) basis sets in THF. 
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 Figure 3.24 shows the high-intensity vibrational modes within the transparent window. 

As in NNDMA solvent, azide absorption profiles consist of high intensity for different 

vibrational modes in each basis set. For example, 6-31+G(d,p) and 6-311G(d,p) basis sets have 

high intensity for Comb(20 45) and Comb(24 40), separately. Furthermore, Com(22 41) and 

Comb(21 44)  have high intensity for triple zeta basis sets which will be proven to be non FRs 

due to low cubic force constant (~2 cm-1) and longer Δω’ and Δω. Comb(15 48) has a very high 

intensity (203 km mol-1) in 6-311++G(df,pd) basis set while in other basis sets it is zero or less 

than 10 km mol-1. The cubic force constant of these high-intensity peaks were shown in Figure 

3.25. Like in the NNDMA solvent, Comb(24 39), Comb(22 39), Comb(24 38), and Over(33) 

have the highest cubic force constants values. Moreover, Comb(25 39), Comb(23 39), Comb(24 

40), Comb(20 45), Comb(22 41) and Comb(21 44) have cubic force constants of > 1 cm-1. To 

ensure whether these are possible FRs, we need to consider peak position, see Figure 3.26. 

Although Comb(22 39) and Over(33) have high cubic force constant values, they are very far 

away from the azide asymmetric stretch (~100 and 80 cm-1, respectively). Comb(24 39) has the 

highest cubic force constant, but it is Δω as high as ~ 50 cm-1. Therefore, Comb(24 39) shows 

TFR around 1, making it a strongly coupled FR, see Table 3.19. Also, Comb(20 45) is very close 

to the fundamental vibration and changes its peak position with different basis sets having a 

cubic force constant of ~5 cm-1. Thus, Comb(20 45) is also considered as FR. Comb(25 39) is 

another possible FR due to a cubic force constant of ~12 cm-1 with ~25 cm-1 distance to the azide 

asymmetric stretch. In addition, Comb(24 38) and Comb(24 40) are weakly coupled to the azide 

asymmetric stretch due to large Δω and low cubic force constant values separately. But Comb(23 

39), Comb(22 41), and Comb(21 44) are not potentially coupled with the Fund(49). Figure 3.27 

presents the azide absorption profile of 4-azidoacetanilide in two solvents with the 6-311+G(d,p). 
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Table 3.18 - TFR values for combination or overtone bands that can potentially couple with the 

azide asymmetric stretch in 4-azidoacetanilide in THF solvent. 

 

 

 

Figure 3.27 - Vibrational spectra of 4-azidoacetanilide in NNDMA and THF solvents with 

B3LYP/6-311+G(d,p) level of theory. 

 

Mode 6-31G(d,p) 6-31+G(d,p) 6-31++G(d,p) 6-311G(d,p) 6-311+G(d,p) 6-311++G(d,p) 6-311++G(df,pd) 

Over(33) 0.498 0.456 0.448 0.427 0.355 0.454 0.410 

Comb(30 34) 0.033 0.000 0.000 0.027 0.002 0.035 0.033 

Comb(29 34) 0.179 0.199 0.924 0.000 0.010 0.027 0.000 

Comb(28 35) 0.005 0.067 0.647 0.005 0.012 0.043 0.011 

Comb(27 35) 0.004 0.006 0.005 0.000 0.000 0.000 0.007 

Comb(25 39) 0.352 0.414 0.398 0.084 0.205 0.239 0.532 

Comb(24 40) 0.107 5.544 0.919 4.431 0.269 0.452 0.233 

Comb(24 39) 0.886 1.090 1.105 1.774 0.951 1.040 1.667 

Comb(24 38) 0.121 0.259 0.267 0.161 0.173 0.192 0.315 

Comb(23 40) 0.006 0.000 0.000 0.013 0.000 0.000 0.010 

Comb(23 39) 0.059 0.053 0.048 0.114 0.037 0.034 0.074 

Comb(22 41) 0.142 0.044 0.040 0.055 0.039 0.052 0.172 

Comb(22 39) 0.356 0.351 0.328 0.323 0.276 0.286 0.469 

Comb(21 44) 0.247 0.043 0.041 0.176 0.020 0.020 0.083 

Comb(20 45) 2.057 1.119 0.607 0.419 0.224 0.517 0.311 

Comb(16 48) 0.002 0.168 0.107 0.009 0.054 0.052 0.020 

Comb(15 48) 0.007 0.027 0.031 0.006 0.007 0.058 0.000 

Comb(14 48) 0.010 0.009 0.008 0.006 0.007 0.008 0.005 
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Figure 3.28 - Vibrational spectra of 4-azidotoluene and 4-azidoacetanilide in NNDMA (top) and 

THF (bottom) solvents with B3LYP/6-311+G(d,p) level of theory. 
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  Neither the basis set effect nor solvent effect can be explained for 4-azidoacetanilide due 

to the different complex azide absorption profiles. Figure 3.28 shows both 4-azidotoluene and 4-

azidoacetanilide with the 6-311+G(d,p) basis set for both solvents. This presents the 

intramolecular impact on the azide absorption profile. The extra peptide bond between the 

benzene ring and methyl group complicates the azide absorption profile.  

3.4 Overview 

 This chapter provided a brief description of how theoretical calculations can provide 

insights into the vibrational coupling and FRs in two aryl-azide compounds. Studying intensities, 

cubic force constants, and peak positions provide insights into what vibrational modes generate 

the complex absorption profile of these VPs. Analyzing cubic force constants and TFR values 

provides a clear indication of FRs compared to intensity itself. The basis set effects, solvent 

effects, and intramolecular effects were explored. In general, many studies of VPs only use a 

single basis set for the calculations. However, our study showed that it is difficult to predict the 

appropriate basis set. Even a large basis set may produce erratic results. For example, the more 

diffused and polarized 6-311++G(df,pd) basis set provides complications to the azide absorption 

profile. Therefore, it is important to test several basis sets. In both molecules with two solvents, 

basis sets like 6-31G(d,p) and 6-311G(d,p) are also not suitable because they exhibit high 

intensities for combination bands that are not generating FRs. The 4-azidotoluene molecule has a 

simple azide absorption profile. In contrast, 4-azidoacetanilide has a very complex absorption 

profile. Hence, the use of theoretical calculation for these types of azide probes will be best 

before it uses in experimental spectroscopic analysis which will save much time and money. 

Because it will help us to figure out the complexity level of the azide absorption profile.  
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CHAPTER 4 

IMPACT OF ROTATIONAL ISOMERS ON IR SPECTRA OF SMALL MOLECULES 

4.1 Introduction  

 In the previous chapter, the azide absorption profile of two aryl-azide molecules was 

explored using intensities, cubic force constants, peak positions, and TFR values. Computational 

calculations facilitate figuring out the complexity level of the azide absorption profile easily 

compared to experimental techniques. It has shown how the azide absorption profile is 

complicated with para substitution of methyl to an acetamide group. It is also important to 

understand how different isomers of aryl-azides contribute to the azide absorption profile. A 

rotation around a single bond can form rotational isomers. For example, 4-acetanilide has two 

isomers due to the difference in the spatial arrangement of the acetamide group with the azide 

group. Since 4-azidoacetanilide has a complex azide absorption profile, we selected another aryl-

azide compound, 4-azido-N-phenylmaleimide to study the impact of rotational isomers on azide 

absorption profile. Moreover, 4-azido-N-phenylmaleimide has been studied as a substrate for 

Old Yellow Enzyme.80 In addition that this molecule has an extended conjugation and greater 

sensitivity to energy transfer through FRs with less spectral complexity than other aryl-azides.  

Thus, in this chapter, we give deep insight into the rotational isomers of 4-azido-N-

phenylmaleimide. The geometry optimization and anharmonic frequency calculations were 

carried out using DFT with the same calculation method. For ease of understanding, the azide 

absorption profiles of the 4-azido-N-phenylmaleimide are described in each solvent separately. 

Figure 1 shows the two isomers of the 4-azido-N-phenylmaleimide. Calculated rotational energy 

barriers using the 6-311++G(d,p) basis set in NNDMA and THF solvents are 0.165 eV and 0.146 

eV, respectively. Interestingly, these two isomers have similar energies with every basis set. 



 

64 

 

Figure 4.1 – Rotational isomers of 4-azido-N-phenylmaleimide with DFT/B3LYP/6-

311++G(d,p) level of theory.  

4.2  4-azido-N-phenylmaleimide  

First, the structural parameters of optimized 4-azido-N-phenylmaleimide were studied to 

understand the basis sets effect and solvent effect on bond distances, bond angles, and dihedral 

angles. Table 4.1-4.3 shows structural parameters of isomer 1 for both solvents and seven basis 

sets. For ease of reading, atoms in isomer 1 are numbered in Figure 4.1, and bond distances, 

angles, and dihedral angles are labeled. In 4-azido-N-phenylmaleimide, the azide group and 

benzene ring are in the same plane (D9 ≈ 1800). There’s no significant change in the bond 

distances and bond angles. However, dihedral angles of the D8 and D9 are changing 

considerably with different basis sets and solvents due to the maleimide group bonded through a 

single bond, it can easily rotate, and this will change the strength of the bonds. 
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Table 4.1 – Bond distances (Å) of 4-azido-N-phenylmaleimide (Isomer 1) with seven basis sets: 6-31G(d,p), 6-31+G(d,p), 6-

31++G(d,p), 6-311G(d,p), 6-311+G(d,p), 6-311++G(d,p), 6-311++G(df,pd) and two solvents, NNDMA (N) and THF (T). 

 

Label Definition 
6-31G(d,p) 6-31+G(d,p) 6-31G++(d,p) 6-311G(d,p) 6-311+G(d,p) 6-311++G(d,p) 6-311++G(df,pd) 

N T N T N T N T N T N T N T 

R1 R(1,2) 1.497 1.498 1.498 1.498 1.498 1.498 1.497 1.498 1.497 1.498 1.497 1.498 1.496 1.496 

R2 R(2,3) 1.335 1.335 1.337 1.337 1.337 1.337 1.331 1.331 1.332 1.332 1.332 1.332 1.330 1.330 

R3 R(3,4) 1.497 1.498 1.498 1.498 1.498 1.498 1.497 1.498 1.497 1.498 1.497 1.498 1.496 1.496 

R4 R(4,5) 1.409 1.410 1.406 1.407 1.406 1.407 1.408 1.409 1.405 1.406 1.405 1.406 1.403 1.404 

R5 R(1,5) 1.409 1.410 1.406 1.407 1.406 1.407 1.408 1.409 1.405 1.406 1.405 1.406 1.403 1.404 

R6 R(2,6) 1.081 1.082 1.082 1.082 1.082 1.082 1.080 1.080 1.080 1.080 1.080 1.080 1.079 1.079 

R7 R(3,7) 1.081 1.082 1.082 1.082 1.082 1.082 1.080 1.080 1.080 1.080 1.080 1.080 1.079 1.079 

R8 R(5,8) 1.424 1.424 1.429 1.428 1.429 1.428 1.425 1.425 1.429 1.428 1.429 1.428 1.426 1.425 

R9 R(8,9) 1.399 1.399 1.398 1.398 1.398 1.398 1.396 1.396 1.394 1.394 1.394 1.394 1.392 1.392 

R10 R(8,10) 1.400 1.400 1.399 1.399 1.399 1.399 1.397 1.397 1.395 1.396 1.395 1.396 1.393 1.393 

R11 R(9,11) 1.391 1.391 1.394 1.394 1.394 1.394 1.389 1.389 1.390 1.390 1.390 1.390 1.388 1.388 

R12 R(9,12) 1.083 1.083 1.085 1.085 1.085 1.085 1.082 1.082 1.083 1.083 1.083 1.083 1.082 1.082 

R13 R(10,13) 1.390 1.390 1.392 1.392 1.392 1.392 1.388 1.388 1.389 1.388 1.389 1.388 1.386 1.386 

R14 R(10,14) 1.083 1.083 1.085 1.084 1.085 1.084 1.082 1.082 1.083 1.083 1.083 1.083 1.082 1.082 

R15 R(13,15) 1.400 1.400 1.402 1.401 1.402 1.401 1.398 1.398 1.399 1.398 1.399 1.398 1.396 1.396 

R16 R(11,15) 1.401 1.401 1.403 1.403 1.403 1.403 1.399 1.399 1.399 1.399 1.399 1.399 1.397 1.397 

R17 R(11,16) 1.085 1.085 1.085 1.085 1.085 1.085 1.084 1.084 1.084 1.084 1.084 1.084 1.082 1.082 

R18 R(13,17) 1.084 1.084 1.085 1.085 1.085 1.085 1.083 1.083 1.083 1.083 1.083 1.083 1.082 1.082 

R19 R(15,18) 1.420 1.420 1.420 1.420 1.420 1.420 1.419 1.419 1.419 1.419 1.419 1.419 1.416 1.416 

R20 R(18,19) 1.237 1.237 1.237 1.237 1.237 1.237 1.232 1.232 1.232 1.232 1.232 1.232 1.230 1.230 

R21 R(19,20) 1.141 1.141 1.140 1.140 1.140 1.140 1.132 1.133 1.132 1.132 1.132 1.132 1.130 1.130 

R22 R(4,21) 1.214 1.214 1.218 1.217 1.218 1.217 1.208 1.207 1.210 1.209 1.210 1.209 1.209 1.208 

R23 R(1,22) 1.214 1.214 1.218 1.217 1.218 1.217 1.208 1.207 1.210 1.209 1.210 1.209 1.209 1.208 
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Table 4.2 – Bond angles of 4-azido-N-phenylmaleimide (Isomer 1) with different basis sets: 6-31G(d,p), 6-31+G(d,p), 6-31++G(d,p), 

6-311G(d,p), 6-311+G(d,p), 6-311++G(d,p), 6-311++G(df,pd) and two solvents, NNDMA (N) and THF (T). 

 

Label Definition 
6-31G(d,p) 6-31+G(d,p) 6-31G++(d,p) 6-311G(d,p) 6-311+G(d,p) 6-311++G(d,p) 6-311++G(df,pd) 

N T N T N T N T N T N T N T 

A1 A(1,2,3) 108.88 108.89 108.89 108.75 108.72 108.75 108.95 108.97 108.84 108.88 108.84 108.87 108.85 108.88 

A2 A(2,3,4) 108.87 108.89 108.89 108.75 108.72 108.75 108.94 108.96 108.84 108.87 108.84 108.87 108.84 108.88 

A3 A(3,4,5) 106.29 106.45 106.45 106.42 106.46 106.42 106.16 106.15 106.26 106.23 106.26 106.23 106.25 106.22 

A4 A(2,1,5) 106.29 106.29 106.29 106.42 106.45 106.42 106.16 106.15 106.26 106.23 106.26 106.23 106.25 106.22 

A5 A(1,2,6) 121.83 121.76 121.76 121.89 121.98 121.89 121.73 121.64 121.92 121.82 121.91 121.83 121.96 121.86 

A6 A(2,3,7) 129.29 129.35 129.35 129.35 129.29 129.35 129.32 129.39 129.24 129.30 129.24 129.29 129.19 129.25 

A7 A(1,5,8) 125.16 125.17 125.17 125.17 125.17 125.17 125.11 125.11 125.10 125.10 125.09 125.11 125.12 125.10 

A8 A(4,5,8) 125.17 125.17 125.17 125.18 125.18 125.18 125.10 125.12 125.10 125.10 125.10 125.10 125.08 125.11 

A9 A(5,8,9) 119.98 120.00 120.00 119.87 119.85 119.88 120.03 120.04 119.89 119.92 119.89 119.92 119.92 119.94 

A10 A(5,8,10) 120.08 120.09 120.09 119.95 119.93 119.96 120.10 120.12 119.97 119.99 119.97 119.99 119.98 120.01 

A11 A(8,9,11) 120.17 120.17 120.17 120.12 120.12 120.13 120.21 120.21 120.15 120.16 120.15 120.15 120.17 120.17 

A12 A(8,9,12) 120.00 120.01 120.01 120.00 119.96 120.00 120.03 120.05 119.94 119.99 119.94 119.99 119.94 119.98 

A13 A(8,10,13) 119.98 119.99 119.99 119.94 119.92 119.95 120.05 120.07 119.98 120.01 119.98 120.01 120.01 120.04 

A14 A(8,10,14) 120.03 120.04 120.04 120.02 120.00 120.02 120.04 120.05 119.96 119.99 119.96 119.99 119.95 119.98 

A15 A(10,13,15) 120.10 120.13 120.13 119.93 119.90 119.93 120.12 120.14 119.92 119.95 119.92 119.95 119.95 119.97 

A16 A(9,11,15) 119.85 119.63 119.63 119.67 119.62 119.67 119.89 119.93 119.67 119.72 119.67 119.72 119.71 119.75 

A17 A(9,11,16) 119.59 119.57 119.57 119.52 119.55 119.53 119.47 119.46 119.50 119.48 119.50 119.48 119.50 119.48 

A18 A(10,13,17) 120.60 120.61 120.61 120.67 120.65 120.67 120.64 120.65 120.66 120.67 120.66 120.67 120.65 120.66 

A19 A(11,15,18) 124.06 123.94 123.94 123.94 123.94 123.94 124.00 123.99 123.87 123.88 123.87 123.87 123.82 123.83 

A20 A(13,15,18) 115.99 116.03 116.03 115.90 115.85 115.90 116.15 116.20 116.01 116.06 116.01 116.06 116.13 116.16 

A21 A(15,18,19) 118.62 118.57 118.57 118.71 118.75 118.70 118.88 118.82 119.00 118.95 118.99 118.95 119.28 119.18 

A22 A(18,19,20) 172.41 172.50 172.50 172.48 172.42 172.49 172.70 172.76 172.55 172.62 172.55 172.63 172.49 172.52 

A23 A(3,4,21) 127.92 127.83 127.83 127.87 127.94 127.87 127.99 127.90 128.05 127.98 128.05 127.97 128.06 127.99 

A24 A(1,5,22) 125.78 125.88 125.88 125.71 125.61 125.71 125.85 125.95 125.69 125.79 125.69 125.80 125.69 125.78 



 

67 

 

Table 4.3 – Dihedral angles of 4-azido-N-phenylmaleimide (Isomer 1)  with different basis sets: 6-31G(d,p), 6-31+G(d,p), 6-

31++G(d,p), 6-311G(d,p), 6-311+G(d,p), 6-311++G(d,p), 6-311++G(df,pd) and two solvents, NNDMA (N) and THF (T). 

 

Label Definition 
6-31G(d,p) 6-31+G(d,p) 6-31G++(d,p) 6-311G(d,p) 6-311+G(d,p) 6-311++G(d,p) 6-311++G(df,pd) 

N T N T N T N T N T N T N T 

D1 D(1,2,3,4) 0.06 -0.01 0.28 0.25 0.26 0.23 0.07 0.03 0.25 0.25 0.26 0.27 0.24 0.25 

D2 D(2,3,4,5) -0.05 0.01 -0.20 -0.20 -0.18 -0.18 -0.05 -0.02 -0.20 -0.20 -0.20 -0.21 -0.17 -0.20 

D3 D(3,2,1,5) -0.04 0.01 -0.25 -0.22 -0.24 -0.21 -0.07 -0.02 -0.22 -0.22 -0.23 -0.23 -0.22 -0.21 

D4 D(5,1,2,6) -179.91 -179.89 179.97 180.00 179.98 -179.99 -179.90 -179.87 -179.99 -179.97 -180.00 -179.97 -179.99 -179.96 

D5 D(1,2,3,7) 179.89 179.86 -179.96 -179.99 -179.97 -180.00 179.86 179.84 -179.99 179.98 -179.99 179.99 -180.00 179.97 

D6 D(2,1,5,8) -179.99 179.99 -179.87 -179.86 -179.89 -179.86 -179.92 180.00 -179.85 -179.87 -179.88 -179.84 -179.81 -179.89 

D7 D(3,4,5,8) -179.98 -180.00 -179.97 180.00 -179.96 180.00 179.96 -179.98 180.00 -179.98 -179.97 180.00 179.94 -179.97 

D8 D(4,5,8,9) -132.58 -134.47 -114.41 -118.89 -114.69 -119.19 -128.62 -130.96 -112.56 -118.16 -112.36 -118.00 -113.76 -118.39 

D9 D(4,5,8,10) 47.44 45.55 65.62 61.13 65.34 60.82 51.41 49.09 67.47 61.84 67.67 62.01 66.26 61.62 

D10 D(5,8,9,11) -179.48 -179.50 -179.61 -179.62 -179.60 -179.63 -179.48 -179.44 -179.61 -179.64 -179.61 -179.64 -179.62 -179.64 

D11 D(5,8,9,12) 0.30 0.11 0.42 0.32 0.43 0.32 0.34 0.22 0.48 0.39 0.50 0.40 0.44 0.39 

D12 D(5,8,10,13) -179.57 -179.56 -179.66 -179.58 -179.68 -179.59 -179.61 -179.66 -179.73 -179.62 -179.75 -179.63 -179.73 -179.64 

D13 D(5,8,10,14) 0.18 0.02 0.37 0.32 0.37 0.33 0.23 0.01 0.41 0.38 0.40 0.39 0.42 0.37 

D14 D(8,10,13,15) -0.94 -0.93 -0.73 -0.79 -0.71 -0.77 -0.90 -0.89 -0.64 -0.72 -0.63 -0.71 -0.63 -0.70 

D15 D(8,9,11,15) -0.96 -0.94 -0.71 -0.80 -0.71 -0.79 -0.92 -0.90 -0.66 -0.75 -0.64 -0.75 -0.67 -0.74 

D16 D(8,9,11,16) 179.71 179.67 179.76 179.72 179.75 179.71 179.68 179.64 179.76 179.75 179.77 179.76 179.74 179.76 

D17 D(8,10,13,17) 179.73 179.69 179.77 179.69 179.77 179.69 179.74 179.72 179.82 179.74 179.83 179.74 179.83 179.75 

D18 D(9,11,15,18) -179.51 -179.52 -179.62 -179.54 -179.63 -179.54 -179.54 -179.58 -179.69 -179.57 -179.70 -179.58 -179.71 -179.59 

D19 D(10,13,15,18) -179.53 -179.54 -179.66 -179.67 -179.65 -179.68 -179.56 -179.53 -179.66 -179.69 -179.66 -179.69 -179.65 -179.69 

D20 D(11,15,18,19) -0.04 0.05 -0.24 0.03 -0.26 0.00 -0.08 -0.15 -0.19 0.08 -0.23 0.13 0.09 0.11 

D21 D(13,15,18,19) 179.97 -179.94 179.79 -179.95 179.76 -179.99 179.94 179.87 179.82 -179.90 179.78 -179.87 -179.95 -179.89 

D22 D(15,18,19,20) -179.84 -179.90 179.96 -179.96 179.90 180.00 -179.87 -179.91 -179.83 -179.91 179.94 179.91 -179.94 179.94 

D23 D(2,3,4,21) 179.80 179.88 179.52 179.53 179.55 179.56 179.80 179.90 179.53 179.54 179.53 179.52 179.53 179.55 

D24 D(4,5,8,21) 0.16 0.13 0.30 0.26 0.29 0.25 0.11 0.09 0.26 0.27 0.29 0.25 0.24 0.28 

D25 D(4,5,1,22) -179.84 -179.97 -179.62 -179.69 -179.62 -179.71 -179.83 -179.94 -179.66 -179.69 -179.65 -179.69 -179.66 -179.68 
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 Table 4.4 shows dihedral angle D8 in two isomers of 4-azido-N-phenylmaleimide. 

Isomer 1 has a -D8 while Isomer 2 has a +D8. But both D8 are similar for each solvent. Here, we 

can see both basis set and solvent impact on D8. The D8 has the order of 6-31G(d,p) > 6-

311G(d,p) > 6-31++G(d,p)/6-31+G(d,p) > 6-311++(df,pd) > 6-311+G(d,p)/6-311++G(d,p) for 

both solvents. This means the angle between the planes increases with the polarization and 

diffusion character. However, there are no significant changes in D8 for singly and doubly 

diffused basis sets. Hence, calculations can be carried out using singly diffused basis sets to save 

the computational cost. However, the azide absorption profile can be significantly different for 

both 6-31G(d,p) and 6-311G(d,p) basis sets due to ~200 deviation from other basis sets. 

Table 4.4 – Dihedral angle (D8) of rotational isomers of 4-azido-N-phenylmaleimide with 

different basis sets and two solvents, NNDMA and THF. 

 

 

 

 

 

 

 Then, the DFT calculated frontier molecular orbitals HOMO and LUMO of 4-azido-N-

phenylmaleimide isomer 1 are illustrated in Figure 4.2. Both HOMO and LUMO orbitals for 

isomer 1 and isomer 2 are similar. The HOMO orbital is distributed in the region perpendicular 

to the bond axis only avoiding hydrogen atoms and there’s less localization in the maleimide 

group. Moreover, this electron distribution within the maleimide group is different as in the same 

pattern in dihedral angle D8. Here, we can see how the dihedral angle changes in the maleimide 

Basis set 
Isomer 1 Isomer 2 

NNDMA THF NNDMA THF 

6-31G(d,p) -132.58 -134.47 132.54 134.59 

6-31+G(d,p) -114.41 -118.89 114.64 118.91 

6-31++G(d,p) -114.69 -119.19 114.71 119.15 

6-311G(d,p) -128.62 -130.96 128.58 130.91 

6-311+G(d,p) -112.56 -118.16 112.58 118.11 

6-311++G(d,p) -112.36 -118.00 112.41 118.05 

6-311++G(df,pd) -113.76 -118.39 113.80 118.77 
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group describe the changes in the HOMO orbital. The LUMO orbital is localized in the region 

perpendicular to the bond axis of the maleimide group and is similar for all basis sets. Tables 4.5 

and 4.6 show that the energies and HOMO-LUMO gaps are similar in 6-31+G(d,p)/6-

31++G(d,p) and 6-311+G(d,p)/6-311++G(d,p) pairs separately. Moreover, both isomers have a 

similar HOMO-LUMO gap but are different for two solvents for each basis set. The energies of 

the molecule decrease (more negative) from 6-31G(d,p) to 6-311++G(df,pd) and ~0.06 eV high 

in NNDMA solvent compared to THF solvent for each basis set.    

Table 4.5 – The energies and HOMO-LUMO gap for both isomers of 4-azido-N-

phenylmaleimide in NNDMA solvent. 

 

 

 

 

 

Table 4.6 – The energies and HOMO-LUMO gap for both isomers of 4-azido-N-

phenylmaleimide in THF solvent. 

Basis set Energy (au) 

Isomer 1 Isomer 2 

HOMO 

(eV) 

LUMO 

(eV) 

HL gap  

(eV) 

HOMO 

(eV) 

LUMO 

(eV) 

HL gap  

(eV) 

6-31G(d,p) -754.087785 -6.20 -2.73 3.46 -6.20 -2.73 3.46 

6-31+G(d,p) -754.118199 -6.61 -3.08 3.53 -6.61 -3.08 3.53 

6-31++G(d,p) -754.118284 -6.61 -3.08 3.53 -6.61 -3.08 3.53 

6-311G(d,p) -754.268672 -6.42 -2.88 3.53 -6.42 -2.88 3.53 

6-311+G(d,p) -754.284428 -6.67 -3.06 3.61 -6.67 -3.06 3.61 

6-311++G(d,p) -754.284547 -6.67 -3.06 3.61 -6.67 -3.06 3.61 

6-311++G(df,pd) -754.315119 -6.66 -3.05 3.61 -6.66 -3.05 3.61 

Basis set Energy (au) 

Isomer 1 Isomer 2 

HOMO 

(eV) 

LUMO 

(eV) 

HL gap  

(eV) 

HOMO 

(eV) 

LUMO 

(eV) 

HL gap  

(eV) 

6-31G(d,p) -754.085970 -6.17 -2.76 3.42 -6.17 -2.76 3.42 

6-31+G(d,p) -754.115789 -6.57 -3.10 3.48 -6.57 -3.10 3.48 

6-31++G(d,p) -754.115877 -6.57 -3.10 3.47 -6.57 -3.10 3.47 

6-311G(d,p) -754.266697 -6.39 -2.90 3.49 -6.39 -2.90 3.49 

6-311+G(d,p) -754.282019 -6.62 -3.08 3.54 -6.62 -3.08 3.54 

6-311++G(d,p) -754.282137 -6.62 -3.08 3.54 -6.62 -3.08 3.54 

6-311++G(df,pd) -754.312719 -6.62 -3.07 3.55 -6.62 -3.07 3.55 
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Figure 4.2 - Spatial distributions of HOMO and LUMO frontier molecular orbitals of 4-azido-N-

phenylmaleimide in NNDMA and THF solvents for seven basis sets Orbital energy eigenvalues 

(in eV) are shown below each molecular orbital. The red and green color lobes correspond to the 

two different phases of the orbital wave function with positive and negative signs, respectively. 

 

              Basis Set                                                           Frontier Molecular Orbitals 

 NNDMA HOMO NNDMA LUMO THF HOMO THF LUMO 

6-31G(d,p) 

    

 -6.20 -2.73 -6.18 -2.76 

6-31+G(d,p) 

    

 -6.61 -3.08 -6.57 -3.10 

6-31++G(d,p) 

    

 -6.61 -3.08 -6.57 -3.10 

6-311G(d,p) 

    

 

 

 -6.42 -2.88 -6.39 -2.90 

6-311+G(d,p) 

    

 -6.67 -3.06 -6.62 -3.08 

6-311++G(d,p) 

    

 -6.67 -3.06 -6.62 -3.08 

6-311++G(df,pd) 

    

 -6.66 -3.05 -6.62 -3.07 
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4.2.1 4-azido-N-phenylmaleimide in NNDMA 

 Combined geometry optimization and anharmonic frequency calculations of two 

rotamers of 4-azido-N-phenylmaleimide were carried out in NNDMA solvent using seven 

different basis sets: 6-31G(d,p), 6-31+G(d,p), 6-31++G(d,p), 6-311G(d,p), 6-311+G(d,p), 6-

311++G(d,p), and 6-311++G(df,pd). The 4-azido-N-phenylmaleimide has 22 atoms. Thus, 60 

fundamental vibrational modes are present. For ease of reading, first I discuss isomer 1 and then 

compare the results of isomer 2 with isomer 1. High-intensity modes with molar absorptivity 

coefficients over 1000 M-1 cm-1 for isomer 1 were shown in Table 4.7. The carbonyl stretch 

(mode 52), and azide asymmetric stretch (mode 54) have the highest intensities followed by 

modes 48, 45, and 46. Figure 4.3 shows the harmonic and anharmonic spectra with 6-311+G(d,p) 

basis set, and Appendix E and Appendix F provide spectroscopic details of combination and 

overtone bands occurring within ±135 cm-1 of the azide asymmetric stretch for seven basis sets 

for isomer 1 and isomer 2, respectively. The anharmonic frequency calculation with 6-

311++G(df,pd) basis set for isomer 2 is not completed and suppose to finish in the future. 

Table 4.7 - Normal Modes of 4-azido-N-phenylmaleimide (isomer 1) in NNDMA using 

B3LYP/6-311+G(d,p) basis set. 

Mode Vibration 
υ(harmonic) 

/ cm-1 

υ(anharmonic) 

/ cm-1 

I(harmonic) / 

km mol-1 

I(anharmonic) / 

km mol-1 

54 N
3
 asymmetric stretch 2221.1 2177.5 1752.8 788.8 

52 C=O stretch 1731.7 1699.8 1582.4 923.0 

48 
4-H sp2 C-H in plane + Benzene ring 

vibrations  
1533.9 1504.3 393.1 180.3 

46 
N3 Sym stretch + C-N stretch + both 

ring vibrations + all C-H in-plane 
1404.0 1370.0 321.4 137.9 

45 
N3 Sym stretch + C-N stretch + both 

ring vibrations + all C-H in-plane 
1359.5 1322.3 565.3 114.8 
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Figure 4.3 – IR spectra of harmonic (top), both anharmonic and harmonic (bottom) of 4-azido-

N-phenylmaleimide (isomer 1) in NNDMA using B3LYP/6-311+G(d,p) level in Gaussian-16. 
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Figure 4.4 – Intensities of vibrational modes that can potentially couple with the azide 

asymmetric stretch of 4-azido-N-phenylmaleimide for 6-31G(d,p), 6-31+G(d,p), 6-31++G(d,p), 

6-311G(d,p), 6-311+G(d,p), 6-311++G(d,p), 6-311++G(df,pd) basis sets in NNDMA of isomer 1 

(top) and isomer 2 (bottom). 
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 Figure 4.4 presents high-intensity vibrational modes within the transparent window, as 

well as some lower intensity peaks, which were included due to their high cubic force constant 

(> 1 cm-1) for all basis sets. The highest intensity peak (~800 km mol-1) corresponds to the azide 

asymmetric stretch Fund(54) and other combination bands as are a result of multiple vibrational 

transitions that possibly give rise to the FRs. As in 4-azidotoluene, 6-31G(d,p) and 6-311G(d,p) 

basis sets have ~300 km mol-1 dropped intensity for Fund(54). Moreover, Comb(36 39) has high 

intensities ~220 km mol-1 for 6-31G(d,p) and 6-311G(d,p) while for other basis sets, it is ~12 km 

mol-1 except 4 km mol-1 for more polarized 6-311++G(df,pd) basis set. In addition, Comb(27 46) 

and Comb(27 45) have the next highest intensity peaks and show different patterns in these basis 

sets. In 6-31G(d,p) and 6-311G(d,p), the Comb(27 46) has an intensity of ~170 km mol-1, and it 

is higher than the intensity of Comb(27 45). But for other basis sets, Com(27 45) has a higher 

intensity than Comb(27 46). Again, 6-311++G(df,pd) basis set have comparatively lower 

intensities for Comb(27 45) and Comb(27 46). But like in the 4-azidotoluene, 6-311++G(df,pd) 

basis set shows relatively higher intensity for three combination bands: Comb(26 45), Comb(26 

46), and Comb(29 45) while an intensity of ~2 km mol-1 for other basis sets.  

 Furthermore, Comb(28 45) and Comb(34 40) have high intensities in 6-31+G(d,p), 6-

31++G(d,p) and 6-311G(d,p) basis sets while lower intensity in other basis sets. The overtone 

Over(39), which is very far away in frequency from Fund(54) has an intensity of ~14 km mol-1 

for all basis sets. All other vibrational modes have an intensity less than 12 km mol-1 for every 

basis set. Interestingly, both isomers have a similar pattern in intensity. Figures in 4.5 show how 

small deviations in intensity values change the shape of the azide absorption profiles of 6-

31G(d,p), 6-311G(d,p), and 6-311++G(df,pd) basis sets. 
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Figure 4.5 – Vibrational spectra of rotamers of 4-azido-N-phenylmaleimide in NNDMA solvent with seven basis sets: (a) 6-31G(d,p), 

(b) 6-31+G(d,p), (c) 6-31++G(d,p), (d) 6-311G(d,p), (e) 6-311+G(d,p), and (f) 6-311++G(d,p). 
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Figure 4.6 – Cubic force constants of vibrational modes that can potentially couple with the 

azide asymmetric stretch of 4-azido-N-phenylmaleimide for 6-31G(d,p), 6-31+G(d,p), 6-

31++G(d,p), 6-311G(d,p), 6-311+G(d,p), 6-311++G(d,p), 6-311++G(df,pd) basis sets in 

NNDMA of isomer 1 (top) and isomer 2 (bottom). 
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Within the transparent window, the most likely vibrational modes that can couple with 

the azide asymmetric stretch would result from Comb(27 45) and Over(39), see Figure 4.6. 

Comb (27 45) has a cubic force constant over 50 cm-1 with every basis set except 6-

311++G(df,pd) (12 cm-1) basis set while Over(39) has the next highest cubic force constant (~37 

cm-1) for all basis sets. Like in the 4-azidotoluene, the more polarized 6-311++G(df,pd) basis set 

introduces new combination bands that can couple with azide asymmetric stretch with higher 

cubic force constants and intensities. For instance, Comb(26 45) has the highest cubic force 

constant (58 cm-1) using the 6-311++G(df,pd) basis set while it is ~6 cm-1 for other basis sets. 

Also, Comb(26 46) has a cubic force constant of 13 cm-1 for 6-311++G(df,pd), and ~1 cm-1 for 

other basis sets. Hence, these results show that 6-311++G(df,pd) basis set is not ideal for 

understanding azide absorption profiles.  

Although we recommend the 6-31+G(d,p) basis set using the 4-azidotoluene for 

predicting vibrational coupling, 4-azido-N-phenylmaleimide calculations show both 6-31+G(d,p) 

and 6-31++G(d,p) introduce new combination bands that can couple with azide asymmetric 

stretch which are absent in other basis sets. For example, Comb(28 45) has a cubic force constant 

of 19 cm-1 for 6-31+G(d,p) and 6-31++G(d,p) and ~3 cm-1 for other basis sets, respectively.  

Then, Comb(27 46) has a cubic force constant over 10 cm-1. The intensity of Comb(27 

46) is higher in 6-31G(d,p) and 6-311G(d,p) basis sets when compared to other basis sets due to 

increased force constants. Even though Comb(27 44) has a 12 cm-1 force constant for double zeta 

basis sets, it is far away in frequency from Fund(54) to make an FR. The rest of the vibrational 

modes have a cubic force constant lower than 10 cm-1, but these modes can couple with azide 

asymmetric stretch if they are very near to the azide asymmetric stretch.   
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Figure 4.6 shows that both isomers have similar cubic force constant values and patterns. 

TFR values of each mode in isomer 1 were calculated and shown in Table 4.8 to figure out 

whether these combinations of bands or overtone can be resonant with azide asymmetric stretch. 

TFR values increase when the magnitude of the cubic force constant increases and/or when 

resonance shift ∆ω decreases. Generally, if TFR ≥ 1, Kijk > 10 cm-1, and ∆ω < 10 cm-1, then the 

overall coupling strength will be significant enough to result in an accidental FR between the 

fundamental band and the combinations bands/overtone. For instance, both comb (27 45) and 

Over (39) are very far away in the frequency from the fundamental vibration, but cubic force 

constants are so high that can result in accidental FRs.  

The 6-311G++(df,pd) basis set shows an unexpected high TFR value for Comb(26 46) 

and Comb(26 45) correspond to very low resonance shift (~0.01 cm-1) and high cubic force 

constant, respectively. Moreover, 6-311G(d,p) show TFR of ~0.9 for both Comb(29 46) and 

Comb(1 54) because of ~1 cm-1 resonance shift. If we ignore the 6-311G++(df,pd) basis set, 

Comb(27 45) and Comb(27 46) have TFR values > 1 making them strongly coupled FRs with 

azide asymmetric stretch.  

In addition, Over(39) has a TFR of ~ 0.5 making it a weakly coupled FR. The Comb(28 

45) has TFR value of ~0.58 for both 6-31+G(d,p) and 6-31++G(d,p) basis sets, and ~0.37 for 6-

311++G(d,p) basis set. Thus, Comb(28 45) is barely noticeable in the IR spectrum of the 6-

311++G(d,p) basis set. However, Comb(29 45) has a TFR of ~0.5 for both 6-311+G(d,p) and 6-

311++G(d,p) basis sets due to low resonance shift values, which is less than 0.3 for other basis 

sets. Comb(29 45) has a low intensity and cubic force constant. Therefore, we can ignore 

Comb(29 45).
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From all these observations, all basis sets have questionable vibrational modes for 

identifying combination bands or overtones that can couple with the azide asymmetric stretch if 

we consider TFR < 0.3. Thus, it is crucial to understand what are the most possible combination 

or overtones that produce FRs with azide asymmetric stretch from an IR spectrum. In every basis 

set calculation, Comb(27 45), Comb(27 46) and Over(39) have consistent TFR values expect for 

6-311++G(df,pd) basis set. If we consider 6-31+G(d,p) and 6-31++G(d,p) basis sets, Comb(28 

45) is also a weakly coupled FR because of the high cubic force constant. Hence, the 6-

311+G(d,p) basis set would be the best basis set for understanding vibrational coupling and FRs 

in 4-azido-N-phenylmaleimide. 

 

Table 4.8 - TFR values for combination or overtone bands that can potentially couple with the 

azide asymmetric stretch in 4-azido-N-phenylmaleimide (isomer 1)  in NNDMA solvent 

 

 

 

Mode 6-31G(d,p) 6-31+G(d,p) 6-31++G(d,p) 6-311G(d,p) 6-311+G(d,p) 6-311++G(d,p) 6-311++G(df,pd) 

Comb(1 54) 0.049 0.146 0.043 0.857 0.000 0.000 0.140 

Comb(20 48) 0.045 0.062 0.062 0.045 0.094 0.239 0.064 

Comb(21 48) 0.025 0.013 0.013 0.015 0.017 0.091 0.000 

Comb(23 46) 0.092 0.084 0.087 0.098 0.099 0.105 0.095 

Comb(23 48) 0.245 0.254 0.277 0.235 0.167 0.115 0.174 

Comb(26 45) 0.026 0.072 0.065 0.008 0.170 0.130 1.582 

Comb(26 46) 0.090 0.032 0.022 0.000 0.074 0.011 892.798 

Comb(27 42) 0.030 0.022 0.020 0.097 0.142 0.148 0.022 

Comb(27 43) 0.102 0.084 0.087 0.094 0.098 0.099 0.011 

Comb(27 44) 0.175 0.218 0.201 0.022 0.011 0.167 0.000 

Comb(27 45) 1.010 1.371 1.381 1.181 1.721 1.567 0.247 

Comb(27 46) 1.375 2.210 1.132 1.126 0.978 0.779 0.240 

Comb(28 45) 0.064 0.590 0.572 0.065 0.163 0.365 0.757 

Comb(28 46) 0.510 0.338 0.271 0.023 0.027 0.017 0.017 

Comb(29 45) 0.086 0.092 0.080 0.069 0.496 0.514 0.127 

Comb(34 39) 0.075 0.073 0.074 0.090 0.087 0.261 0.074 

Comb(34 40) 0.120 0.272 0.068 0.070 0.032 0.009 0.127 

Comb(36 39) 0.290 0.134 0.150 0.253 0.090 0.077 0.085 

Over(39) 0.511 0.555 0.565 0.480 0.476 0.440 0.497 
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Table 4.9 - TFR values for combination or overtone bands that can potentially couple with the 

azide asymmetric stretch in 4-azido-N-phenylmaleimide (isomer 2)  in NNDMA solvent 

 

The TFR values for isomer 2 and isomer 1 can be different due to the changes in the 

resonance shifts. However, both remain the same conclusions. Figure 4.7 represents frequencies 

for combination or overtone bands that can potentially couple with the azide asymmetric stretch. 

The peak position of anharmonic azide asymmetric stretch Fund(54) is always lower than 

harmonic vibrational mode Har(54) due to its anharmonicity. Besides, Comb(27 45) and 

Over(39) are always ~50 cm-1 and ~70 cm-1 far in frequency from the Fund(54), respectively. 

However, the peak position of Comb(27 46) varies with the basis set relative to the Fund(54) 

because it is very near to the Fund(54). It locates at the right for 6-31G(d,p), and 6-311G(d,p); 

the left for 6-31+G(d,p), 6-31++G(d,p), 6-311+G(d,p), and 6-311++G(d,p); and on for 6-

311++G(df,pd) to the Fund(54). Both isomers have a similar frequency pattern for all modes. But 

6-311++G(d,p) basis set has a narrow absorption profile for isomer 2 compared to isomer 1. 

Mode 6-31G(d,p) 6-31+G(d,p) 6-31++G(d,p) 6-311G(d,p) 6-311+G(d,p) 6-311++G(d,p) 

Comb(1 54) 0.055 0.043 0.034 0.077 0.000 0.000 

Comb(20 48) 0.045 0.067 0.064 0.048 0.102 0.125 

Comb(21 48) 0.026 0.015 0.014 0.028 0.019 0.034 

Comb(23 46) 0.086 0.098 0.087 0.113 0.101 0.102 

Comb(23 48) 0.321 0.237 0.263 0.224 0.161 0.149 

Comb(26 45) 0.028 0.062 0.065 0.008 0.193 0.053 

Comb(26 46) 0.085 0.037 0.022 0.000 0.060 0.006 

Comb(27 42) 0.030 0.020 0.019 0.094 0.143 0.127 

Comb(27 43) 0.107 0.108 0.087 0.093 0.097 0.086 

Comb(27 44) 0.181 0.215 0.199 0.023 0.012 0.026 

Comb(27 45) 1.107 1.384 1.376 1.113 1.756 1.157 

Comb(27 46) 1.495 0.545 1.245 34.244 0.962 1.182 

Comb(28 45) 0.058 0.612 0.590 0.142 0.189 0.142 

Comb(28 46) 0.146 0.136 0.273 0.007 0.025 0.019 

Comb(29 45) 0.097 0.097 0.084 0.071 0.920 0.045 

Comb(34 39) 0.080 0.092 0.077 0.097 0.091 0.056 

Comb(34 40) 0.112 0.052 0.024 0.044 0.030 0.012 

Comb(36 39) 0.372 0.107 0.035 0.413 0.085 0.121 

Over(39) 0.482 0.481 0.550 0.503 0.464 0.572 
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Figure 4.7 – Frequencies of vibrational modes that can potentially couple with the azide 

asymmetric stretch of 4-azido-N-phenylmaleimide for 6-31G(d,p), 6-31+G(d,p), 6-31++G(d,p), 

6-311G(d,p), 6-311+G(d,p), 6-311++G(d,p), 6-311++G(df,pd) basis sets in NNDMA of isomer 1 

(top) and isomer 2 (bottom). 
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Figure 4.8 - Vibrational spectra (transparent window) of isomer 1 (top) and isomer 2 (bottom) of 

4-azido-N-phenylmaleimide for 6-31G(d,p), 6-31+G(d,p), 6-31++G(d,p), 6-311G(d,p), 6-

311+G(d,p), 6-311++G(d,p), 6-311++G(df,pd) basis sets in NNDMA.  ∆ω’ = ωij – ωk  (ωij and 

ωk are wavenumbers of combination band or overtone and fundamental vibration, respectively). 
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Figure 4.8 presents the azide asymmetric stretch adsorption profile of isomer 1 for all 

basis sets. Both 6-31G(d,p) and 6-311G(d,p) basis sets have a lower intensity adsorption profile 

comparatively. It also shows that azide asymmetric stretch red-shifted when more polarized and 

diffused basis sets were used. Unlike in 4-azidotoluene, 4-azido-N-phenylmaleimide introduces 

different vibrational modes coupled to the azide asymmetric stretch for different basis sets. 

Therefore, 6-311++G(df,pd) and 6-31+G(d,p)/6-31++G(d,p) basis sets have different absorption 

profiles compared to 6-311+G(d,p) and 6-311++G(d,p) basis sets for both isomers. As previously 

described, this change can be attributed to the significant change in the dihedral angle between 

the benzene ring and the maleimide group. 

4.2.2. 4-azido-N-phenylmaleimide in THF 

 High-intensity modes with molar absorptivity coefficients over 1000 M-1 cm-1 for isomer 

1 were shown in Table 4.10. The carbonyl stretch (Mode 52), and azide asymmetric stretch 

(mode 54) have the highest intensities followed by modes 48, 45, and 46. Figure 4.9 shows the 

harmonic and anharmonic spectra with the 6-311+G(d,p) basis set, and Appendix G and 

Appendix H provide spectroscopic details of combination and overtone bands occurring within 

±135 cm-1 of the azide asymmetric stretch for seven basis sets for isomer 1 and isomer 2, 

respectively. Figure 4.10 shows high-intensity vibrational modes within the transparent window, 

as well as some lower intensity peaks, which were included due to their high cubic force constant 

(> 1 cm-1) for all basis sets. Unlike the NNDMA, the intensity of azide asymmetric stretch is low 

for triple-zeta basis sets, and the 6-311G(d,p) basis set has an increased intensity for Fund(54) 

when compared to NNDMA solvent. Even though Comb(36 39) has high intensities in NNDMA 

for 6-31G(d,p) and 6-311G(d,p) basis sets, intensity of Comb(36 39) in THF is ~20 km mol-1 

except for 6-311G(d,p) and 6-311++G(df,pd) basis sets which have even less intensities.  
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 In addition, Comb(27 46) has a higher intensity than Comb(27 45) for all basis sets and is 

always greater compared to NNDMA solvent. As in NNDMA solvent, 6-311++G(df,pd) basis 

set shows some intensity for Comb(26 45), Comb(26 46), and Comb(29 45), but the intensities 

are less compared to NNDMA solvent. Moreover, Comb(34 40) was quite intense in 6-

311G(d,p) in both NNDMA and THF, but unlike in the NNDMA solvent, Comb(34 40) is 

intense in 6-311+G(d,p) and 6-311++G(d,p), and not in the 6-31+G(d,p) and 6-31++G(d,p) basis 

sets. Comb(28 45) also has an intensity over 10 km mol-1 for 6-31+G(d,p) and 6-31++G(d,p) 

basis sets, but not intense as in NNDMA solvent, and has an intensity of 30 km mol-1 for 6-

31G(d,p) basis set which is indistinct in NNDMA. Comb(28 46) has an intensity of 25 km mol-1 

and 11 km mol-1 in THF and NNDMA for 6-31G(d,p), respectively, but has an intensity below 

10 km mol-1 for all other basis sets in both solvents. Then, Over(39) shows a similar pattern in 

THF solvent as in NNDMA and has an intensity over 10 km mol-1 for all basis sets. All other 

vibrational modes have intensities less than 10 km mol-1 except for Comb(23 48) in 6-31G(d,p), 

and Comb(29 45) in 6-311++(df,pd) which is ~12 km mol-1. 

 

Table 4.10 - Normal Modes of 4-azido-N-phenylmaleimide (isomer 1) in THF using B3LYP/6-

311+G(d,p) basis set. 

 

Mode Vibration 
υ(harmonic) 

/ cm-1 

υ(anharmonic) 

/ cm-1 

I(harmonic) / 

km mol-1 

I(anharmonic) / 

km mol-1 

54 N
3
 asymmetric stretch 2224.2 2183.3 1608.9 562.0 

52 C=O stretch 1741.2 1707.9 1354.1 705.9 

48 
4-H sp2 C-H in plane + Benzene ring 

vibrations  
1534.8 1543.4 378.0 79.6 

46 
N3 Sym stretch + C-N stretch + both 

ring vibrations + all C-H in-plane 
1402.7 1354.1 325.4 202.3 

45 
N3 Sym stretch + C-N stretch + both 

ring vibrations + all C-H in-plane 
1360.4 1314.5 539.3 37.9 
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Figure 4.9 – IR spectra of harmonic (top), both anharmonic and harmonic (bottom) of 4-azido-N-

phenylmaleimide (isomer 1) in THF using B3LYP/6-311+G(d,p) level in Gaussian-16. 
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Figure 4.10 – Intensities of vibrational modes that can potentially couple with the azide 

asymmetric stretch of 4-azido-N-phenylmaleimide for 6-31G(d,p), 6-31+G(d,p), 6-31++G(d,p), 

6-311G(d,p), 6-311+G(d,p), 6-311++G(d,p), 6-311++G(df,pd) basis sets in THF of isomer 1 

(top) and isomer 2 (bottom). 
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Figure 4.11 – Vibrational spectra of rotamers of 4-azido-N-phenylmaleimide in THF solvent with seven basis sets: (a) 6-31G(d,p), (b) 

6-31+G(d,p), (c) 6-31++G(d,p), (d) 6-311G(d,p), (e) 6-311+G(d,p), (f) 6-311++G(d,p), and (g) 6-311++G(df,pd). 
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Both isomers have a similar pattern in intensity. Figures in 4.11 show how small 

deviations in intensity values change the shape of the azide absorption profiles of 6-31G(d,p) and 

6-311++G(df,pd) basis sets. The 6-31++G(d,p) basis set shows a completely different azide 

absorption profile for both isomers. For isomer 1, both Comb(27 45) and Comb(27 46) are 

located very far from the azide asymmetric stretch while for isomer 2, only Comb(27 45) is 

located very far from the azide asymmetric stretch. The abnormal thing is that Comb(27 45) 

locates right to the fundamental vibration. Hence, studying vibrational spectra using 6-

31++G(d,p) will be also questionable. From these intensity values, we can see that the intensity 

of combination bands is solvent-dependent. To get deep insights into the FRs, let’s consider the 

cubic force constants values, see Figure 4.12. In THF, Comb(27 45) has a cubic force constant 

over 50 cm-1 for every basis set. Even though 6-311++G(df,pd) basis set has high intensity and 

cubic force constant for Comb(26 45) in NNDMA, it is low for THF solvent. Therefore, from the 

cubic force constants, we can directly see a strong coupling between Comb(27 45) and the azide 

asymmetric stretch. The second highest cubic force constant of ~35 cm-1 for Over(39). The 

intensity of both Comb(27 45) and Over(39) are not that high as they are very far in frequency 

from the fundamental vibration. As we mentioned, Comb(28 45) has considerable intensity and a 

high cubic force constant value for the 6-31G(d,p) basis set in THF. However, it has 10 cm-1 for 

6-31+G(d,p) and 6-31++G(d,p) basis sets while less than 2 cm-1 for all other basis sets. Then, 

Comb(27 46) has a cubic force constant over 12 cm-1 and it is very close to the fundamental 

vibration (Δω’ = ~10 cm-1). Although Comb(27 44) has a cubic force constant over 10 cm-1 for 

double zeta basis sets, it is very far in frequency to make an FR with fundamental vibration. In 

addition, Comb(23 46) has a cubic force constant of around 10 cm-1, but it is not intense due to 

high Δω’. All other combination bands have cubic force constants less than 10 cm-1.  
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Figure 4.12 – Cubic force constants of vibrational modes that can potentially couple with the 

azide asymmetric stretch of 4-azido-N-phenylmaleimide for 6-31G(d,p), 6-31+G(d,p), 6-

31++G(d,p), 6-311G(d,p), 6-311+G(d,p), 6-311++G(d,p), 6-311++G(df,pd) basis sets in THF of 

isomer 1 (top) and isomer 2 (bottom). 
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Table 4.11 - TFR values for combination or overtone bands that can potentially couple with the 

azide asymmetric stretch in 4-azido-N-phenylmaleimide (isomer 1)  in THF solvent. 

 

Both isomers have the same cubic force constant values. If a combination band is very 

close to fundamental vibration (< 10 cm-1), then any combination band with a cubic force 

constant > 1 cm-1 can be produced FR. TFR values were shown in Table 4.11 to check what are 

the combination or overtone bands that can potentially couple with 4-azido-N-phenylmaleimide.  

 When considering TFR values, the 6-311++G(df,pd) basis set shows a very large value 

for Comb(27 46) and Comb(26 45) because of ~0 cm-1 resonance shift and large cubic force 

constant (-21 cm-1), respectively. In the 6-31++G(d,p) basis set, the resonance shift of most of 

the combination bands that are coupled with azide asymmetric stretch is so high except for 

Comb(28 45). Therefore, this basis set is questionable for predicting FRs for 4-azido-N-

phenylmaleimide. For the other five basis sets, both comb(27 46) and Comb(27 45) have TFR 

values over 1. Therefore, these combination bands are strongly coupled to the azide asymmetric 

Mode 6-31G(d,p) 6-31+G(d,p) 6-31++G(d,p) 6-311G(d,p) 6-311+G(d,p) 6-311++G(d,p) 6-311++G(df,pd) 

Comb(1 54) 0.024 2.857 0.005 0.000 0.038 0.016 0.065 

Comb(20 48) 0.058 0.078 0.027 0.046 0.214 0.530 0.123 

Comb(21 48) 0.025 0.025 0.009 0.011 0.032 0.283 0.000 

Comb(23 46) 0.095 0.092 0.088 0.104 0.111 0.103 0.101 

Comb(23 48) 0.240 0.172 0.026 0.231 0.069 0.090 0.132 

Comb(26 45) 0.032 1.542 0.120 0.016 0.064 0.054 0.780 

Comb(26 46) 0.054 0.006 0.004 0.030 0.028 0.015 0.402 

Comb(27 42) 0.033 0.027 0.048 0.061 0.142 0.132 0.123 

Comb(27 43) 0.117 0.154 0.210 0.088 0.115 0.107 0.073 

Comb(27 44) 0.196 0.217 0.235 0.035 0.015 0.036 0.000 

Comb(27 45) 1.324 1.328 0.787 1.117 1.393 1.524 1.408 

Comb(27 46) 3.942 2.237 0.102 1.155 5.235 2.001 553.411 

Comb(28 45) 0.804 0.365 1.388 0.035 0.045 0.059 0.512 

Comb(28 46) 0.533 0.102 0.051 0.029 1.290 0.771 0.158 

Comb(29 45) 0.186 0.029 0.008 0.054 0.131 0.222 0.489 

Comb(34 39) 0.135 0.129 0.011 0.069 0.123 0.263 0.154 

Comb(34 40) 0.077 0.026 0.004 0.694 0.004 0.006 0.012 

Comb(36 39) 0.189 0.073 0.008 0.118 0.091 0.078 0.071 

Over(39) 0.369 0.440 0.092 0.457 0.485 0.432 0.414 
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stretch. In 6-31+G(d,p) basis set, Comb(1 54) and Comb(26 45) have high TFR values due to 

low resonance shift of -0.5 cm-1 and -1.7 cm-1, respectively. Although, Comb(28 46) has a less 

cubic force constant values (< 1cm-1)  for 6-311+G(d,p) and 6-311++G(d,p) basis sets, it shows 

high TFR values due to less Δω. Likewise Comb(34 40), Comb(20 48) and Comb(29 45) show 

high TFR values in 6-311G(d,p), 6-311++G(d,p) and 6-311++(df,pd) basis sets, respectively 

because of low Δω. In addition, 6-31G(d,p) basis set shows TFR value of > 0.3 for both 

Comb(28 46) and Comb(28 45). Comb(28 45) was possibly weakly coupled FR in double zeta 

basis sets and 6-311++G(df,pd), but it’s not possible in the other three basis sets. If we consider 

0.3 cut-offs for making possible FRs, then Over(39) is also weakly coupled to the fundamental 

vibration.  All other combination bands in Table 4.11 are very weakly coupled (< 0.3) to the 

fundamental vibration.  

Table 4.12 - TFR values for combination or overtone bands that can potentially couple with the 

azide asymmetric stretch in 4-azido-N-phenylmaleimide (isomer 2)  in THF solvent. 

Mode 6-31G(d,p) 6-31+G(d,p) 6-31++G(d,p) 6-311G(d,p) 6-311+G(d,p) 6-311++G(d,p) 6-311++G(df,pd) 

Comb(1 54) 0.025 0.110 0.007 0.000 0.061 0.772 0.472 

Comb(20 48) 0.060 0.076 0.028 0.047 1.590 0.262 0.070 

Comb(21 48) 0.026 0.024 0.006 0.011 0.071 0.267 0.000 

Comb(23 46) 0.097 0.104 0.165 0.102 0.112 0.061 0.100 

Comb(23 48) 0.214 0.186 0.033 0.228 0.075 0.098 0.171 

Comb(26 45) 0.046 2.195 0.030 0.016 0.067 0.046 0.525 

Comb(26 46) 0.259 0.004 0.019 0.029 0.028 0.012 0.301 

Comb(27 42) 0.032 0.027 0.031 0.062 0.141 0.131 0.111 

Comb(27 43) 0.127 0.149 0.128 0.087 0.115 0.106 0.060 

Comb(27 44) 0.193 0.214 0.220 0.037 0.022 0.043 0.000 

Comb(27 45) 1.341 1.283 0.700 1.124 1.480 1.520 1.081 

Comb(27 46) 5.361 0.662 7.121 1.027 4.319 1.571 1.356 

Comb(28 45) 0.821 0.383 0.219 0.034 0.047 0.057 0.044 

Comb(28 46) 0.448 0.058 0.073 0.026 0.213 0.164 1.333 

Comb(29 45) 0.272 0.024 0.010 0.051 0.152 0.205 0.094 

Comb(34 39) 0.116 0.127 0.011 0.071 0.168 0.218 0.119 

Comb(34 40) 0.064 0.027 0.004 0.321 0.005 0.007 0.034 

Comb(36 39) 0.289 0.072 0.014 0.110 0.084 0.078 0.072 

Over(39) 0.405 0.442 0.098 0.461 0.456 0.424 0.413 
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Table 4.12 presents TFR values for isomer 2 and these values can be different from 

isomer 1 due to different resonance shifts but they predict the same argument as isomer 1. Figure 

4.13 compares the azide asymmetric stretch absorption profiles in seven basis sets. It shows that 

6-31G(d,p), 6-31++G(d,p) and 6-311++G(df,pd) basis sets have different absorption profiles 

compared to other basis sets because 6-31G(d,p) has a lower intensity absorption profile, 6-

31++G(d,p) has a completely different high-intensity blue-shifted absorption profile, and 6-

311++G(df,pd) produces many peaks that are not intense in other basis sets.  

From these observations, we can see how different solvents affect vibrational coupling 

and how different basis sets describe vibrational couplings. How far a basis set can predict the 

vibrational couplings are quite questionable, but we can see that only a few combination bands 

are involved in making FRs. If a combination band or an overtone is consistently coupled with 

the same coupling strength for every basis set even though it is very far away in frequency from 

the fundamental vibration, it can generate FR. For 4-azido-N-phenylmaleimide, Comb(27 45) 

and Comb(27 46) are strongly coupled with the Fund(54). Also, Over(39) is weakly coupled to 

the azide asymmetric stretch. Figure 4.14 presents that 6-31+G(d,p), 6-311+G(d,p), and 6-

311++G(d,p)  have a similar trend of frequencies for combination and overtone bands relative to 

the fundamental vibration except for 6-31++G(d,p) basis set. Comb(27 45) is always ~50 cm-1 

far away in frequency from the Fund(54) and Comb(27 46) stays so close and right to the 

Fund(54). Over(39) is very far away in frequency from the Fund(54) which causes to have less 

intensity despite having a high vibrational coupling constant. We proved that it is not suitable for 

vibrational analysis using 6-31G(d,p), 6-31++G(d,p), 6-311G(d,p) and 6-311++G(df,pd) basis 

sets to understand vibrational coupling. Moreover, both 6-31+G(d,p) and 6-311++G(d,p) basis 

sets have more FRs compared to 6-311+G(d,p) basis set.  
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Figure 4.13 - Vibrational spectra (transparent window) of isomer 1 (top) and isomer 2 (bottom) 

of 4-azido-N-phenylmaleimide for 6-31G(d,p), 6-31+G(d,p), 6-31++G(d,p), 6-311G(d,p), 6-

311+G(d,p), 6-311++G(d,p), 6-311++G(df,pd) basis sets in THF.  ∆ω’ = ωij – ωk  (ωij and ωk are 

wavenumbers of combination band or overtone and fundamental vibration, respectively). 
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Figure 4.14 – Frequencies of vibrational modes that can potentially couple with the azide 

asymmetric stretch of 4-azido-N-phenylmaleimide for 6-31G(d,p), 6-31+G(d,p), 6-31++G(d,p), 

6-311G(d,p), 6-311+G(d,p), 6-311++G(d,p), 6-311++G(df,pd) basis sets in THF of isomer 1 

(top) and isomer 2 (bottom). 
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Therefore, out of seven different basis sets, it is clear that 6-311+G(d,p) basis set would 

be the best basis set for understanding vibrational coupling and FRs in an IR spectrum of 4-

azido-N-phenylmaleimide. The solvent effect of 4-azido-N-phenylmaleimide is shown in Figure 

4.15. It shows that the intensity of azide asymmetric stretch decreases while the intensity of 

combination bands increases. In addition, the peak position of Fund(54), Comb(27 46), and 

Comb(27 45) blue shift with THF. A comparison of absorption profiles of 4-azidotoluene and 4-

azido-N-phenylmaleimide (Isomer 1) was shown in Figure 4.16 to investigate the intramolecular 

effect. When the methyl group is replaced with a maleimide group, azide asymmetric stretch blue 

shifts and azide adsorption profile are completely different from one another. When comparing 

vibrational transitions that contribute to FRs (see Figures 3.14 and 4.17), both molecules show 

the same vibrational modes. For example, modes 30, 15, 17, and 25 in 4-azidotoluene are similar 

to modes (45,46), 27, 26, and 39 in 4-azido-N-phenylmaleimide, respectively. 

Figure 4.15 - Vibrational spectra of 4-azido-N-phenylmaleimide in NNDMA and THF solvents 

with DFT/B3LYP/6-311+G(d,p) level of theory. 
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Figure 4.16 -  Vibrational spectra of 4-azidotoluene and 4-azido-N-phenylmaleimide ( Isomer 1) 

in NNDMA (a) and THF (b) solvents with B3LYP/6-311+G(d,p) level of theory 
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Figure 4.17 - Vibrational modes of combination or overtone bands that can potentially couple 

with the azide asymmetric stretch in 4-azido-N-phenylmaleimide. 

 

4.3 Overview  

 This chapter mainly demonstrates two rotamers of 4-azido-N-phenylmaleimide. Both 

rotamers have the same cubic force constants for each mode while intensity and peak position 

can be different due to the changes in dihedral angles. It has been shown that the azide 
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absorption profiles of 6-31G(d,p), and 6-311G(d,p) are completely different from the rest of the 

basis sets due to a dihedral angle (D8) change of ~200. Variations in the dihedral angle between 

the benzene ring and the maleimide group affect the vibrational coupling within the molecule. It 

was also verified by small changes in the HOMO orbital.  The complexity of the azide 

absorption profile increases when the number of atoms increases and symmetry loses. Hence, the 

azide absorption profile of 4-azido-N-phenylmaleimide is less complicated than 4-

azidoacetanilide and more complex than 4-azidotoluene. The 6-31++G(d,p) basis set was 

completely fine for 4-azidotoluene, but it produced a very different azide absorption profile for 

4-azido-N-phenylmaleimide with THF solvent. Unlike in 4-azidotoluene, the 4-azido-N-

phenylmaleimide has more different combination bands with high intensity for different basis 

sets. When a more polarized basis set is used, the complexity also increases. It was shown that 

the 6-311++(df,pd) basis set introduced new peaks with high intensity which are not intense in 

other basis sets. On top of that, there are few changes in the azide absorption profile of 4-azido-

N-phenylmaleimide in 6-31+G(d,p) and 6-311+G(d,p)/6-311++G(d,p) basis sets. Hence, it is 

questionable to state that one basis set is perfect for anharmonic frequency analysis. However, 

qualitatively, 6-31+G(d,p), 6-311+G(d,p), and 6-311++G(d,p) basis sets are helpful to 

understand the azide absorption profile. Therefore, it is necessary to run anharmonic frequency 

calculations in a few basis sets to study the azide absorption profile. The consistency of intensity, 

peak position, cubic force constants, and TFR values can help to understand the kind of 

vibrational coupling and FRs exist in the azide absorption profile. The next chapter compares 

computational anharmonic frequency calculations with experimental FTIR spectra of three aryl-

azides.  
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CHAPTER 5 

EXPLORING SMALL ARYL-AZIDE VIBRATIONAL PROBES USING DFT AND FTIR 

STUDIES 

5.1 Introduction 

The previous chapters briefly described how DFT studies facilitate to study of azide 

asymmetric absorption profiles of small aryl-azide molecules. For example, anharmonic 

frequency calculations provide peak positions, intensities, and cubic force constants for each 

vibrational mode. In addition, 3D animations of these vibrational modes can be easily obtained. 

Hence, computer simulations are a promising method to study complex azide absorption profiles. 

But the actual question is, can we observe the same azide absorption profiles experimentally. It is 

crucial to know which computer model can generate spectra similar to the experimental infrared 

spectra. There are many functionals and basis sets that can be used in DFT studies. It has been 

shown that the B3LYP functional would be the best functional for small organic molecules.50 In 

general, anharmonic frequency calculations run longer time when 6-311++G(df,pd)  basis set is 

used. Thus, it is so important to research which basis set can generate vibrational spectra similar 

to the experimental vibrational spectra with lower computational cost. In this chapter, we 

compare computational calculations with FTIR spectra.  

The combined geometry optimization and anharmonic frequency calculations were 

carried out using seven basis sets and two solvents. Here, we briefly discuss which basis set is 

compatible with experimental results and predict the solvent effect for three aryl-azides. 

Moreover, Hill et al. have reported synthesis, preparation, and 2DIR and FTIR spectra on these 

three aryl-azide compounds and our future work will report most of the basis sets can 

qualitatively produce azide absorption profiles similar to the FTIR spectra.81, 82 
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5.2 Comparison of DFT calculations with FTIR 

The 75 mM solutions of three aryl-azide at room temperature in NNDMA and THF were 

used to obtain FTIR spectra. To compare the azide absorption profiles, the relative intensities 

were used, and frequencies of theoretical spectra were shifted to align the azide asymmetric 

stretch of theoretical and FTIR spectra together as follows,  

                                               Shift = ωtheoretical - ωFTIR                                                   (5.1) 

where ωtheoretical is the frequency of azide asymmetric stretch in theoretical spectra and 

ωFTIR is the frequency of azide asymmetric stretch in FTIR spectra. In FTIR spectra, the highest 

intensity peak corresponds to the fundamental vibration and combination bands, or overtones 

barely have an intensity. However, strong vibrational mixing of combination bands or overtones 

with fundamental vibration may increase the intensity of the combination band or overtone as 

high as fundamental vibration. Hence, it is hard to state which peak corresponds to the azide 

asymmetric stretch based on FTIR spectra. Theoretical IR spectra always differed from what we 

are observing from the experimental spectra. The wavenumbers of the vibrational modes are 

higher than that of FTIR spectra due to computational calculations being less accurate in 

describing the influences of other vibrational modes, such as interactions between the FRs and 

higher-order force constants. Moreover, another reason that might influence the calculated 

frequencies would be PCM model does not take into consideration the specific solvent-solute 

interaction or non-electrostatic effects. Also, the fitting of the experimental spectra may 

introduce some errors in the intensity ratio of the three states, which may contribute to the 

deviations. Hence, the experimental spectra are more congested while DFT spectra have wider 

absorption profiles comparatively. In comparison, we suppose to report what vibrational modes 

contribute to the accidental FRs in experimental spectra. 
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5.2.1 4-azido-N-phenylmaleimide 

  The spectral characteristics of both theoretical and FTIR spectra are shown in Tables 5.1 

and 5.2 respectively. FTIR spectra of 4-azido-N-phenylmaleimide are not complicated as 4-

azidotoluene or 4-azidoacetanilide. It only has two high-intensity peaks in 2095 and 2129 cm-1. 

But DFT calculations predict two more peaks that can be suppressed by the high-intensity peaks 

in the FTIR spectra. The major difference between the NNDMA and THF is the intensity of the 

two peaks. DFT calculations also show that THF solvent has less intensity for the azide 

asymmetric stretch compared to the NNDMA solvent (Figure 4.15) and it increases the intensity 

of combinations bands. As a result, the intensity ratio of the second major peak increases (Table 

5.2). This increment is high in 6-311+G(d,p) and 6-311++G(d,p) basis sets (Figure 4.10).  

 

Table 5.1 - Spectral characteristics of FTIR spectra of 4-azido-N-phenylmaleimide 

Peak Peak Position / cm
-1 Frequency Shift / cm

-1 Relative peak Intensity 

NNDMA THF NNDMA THF NNDMA THF 

1 2096.0 2095.3 -33.3 -33.7 0.7037 0.9824 

2 2129.3 2129.0 0.0 0.0 1 1 

 

 

Table 5.2 - Spectral characteristics of B3LYP/6-311+G(d,p) spectra of 4-azido-N-

phenylmaleimide  

 

 

Peak Peak Position / cm
-1         Resonance Shift / cm

-1 Relative peak Intensity 

NNDMA THF NNDMA THF NNDMA THF 
Comb(27 45) 2126..4 2135.7 -34.2 -42.4 0.1926 0.3153 

F(54) 2177.5 2181.3 0.0 0.0 1 1 

Comb(27 46) 2191.3 2190.9 13.5 -2.8 0.1597 0.5027 

Over(39) 2253.9 2314.6 78.9 76.9 0.0179 0.0247 
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Figure 5.1 – FTIR (red) and DFT (black) spectra of 4-azido-N-phenylmaleimide in NNDMA 

(top) and THF (bottom) solvents. 
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  The frequency difference between the major peaks in all three aryl-azide is relatively 

high. According to Table 5.1, the frequency gap between the two peaks is around  34 cm-1. 

Hence, the peak at 2095 cm-1 in FTIR spectra can be assigned to the Comb(27 45). Figure 5.1 

shows both theoretical spectra with the 6-311+G(d,p) basis set and the FTIR spectra in NNDMA 

and THF solvents. There is one high-intensity shoulder peak right to the azide asymmetric 

stretch which cannot be seen separately in FTIR spectra due to the frequency gap being low. 

These differences are 9.6 and 13.8 cm-1 for THF and NNDMA respectively. As in other aryl-

azide compounds, there is always a small overtone peak far away from the fundamental vibration 

because that overtone has the second-highest cubic force constant within the transparent window. 

Surprisingly, in both combination bands, mode 27 is involved and modes 45 and 46 have high 

intensity individually. Thus, this proves that the azide asymmetric absorption profile can consist 

of multiple peaks and not all peaks can be visible in FTIR spectra. 

5.2.2 4-azidotoluene 

Figure 5.2 presents both theoretical spectra with the 6-311+G(d,p) basis set and the FTIR 

spectra in NNDMA and THF solvents. The frequencies, resonance shift, and relative intensities 

for both FTIR and theoretical spectra are tabulated in Tables 5.3 and 5.4. Four distinct peaks are 

visible in both solvents. The FTIR spectrum of NNDMA solvent has two high-intensity peaks at 

2105 and 2127 cm-1. The frequency difference between high-intensity peaks in NNDMA is 22 

cm-1.  Surprisingly, the highest intensity peak in NNDMA solvent becomes less intense in THF 

solvent. THF solvent has one high-intensity peak at 2105 cm-1 and a shoulder peak at 2119 cm-1 

instead of two high-intensity peaks in NNDMA due to the small frequency gap of 14 cm-1. The 

peak at 2051 cm-1 in NNDMA is also visible in the same position in THF. The shoulder peak in 

NNDMA at 2142 cm-1  can be seen separately in THF at 2139 cm-1 due to the frequency gap of 
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20 cm-1 with the peak at 2119 cm-1. DFT calculations also show four individual peaks (i.e., 

Comb(18 30), Comb(15 30), Over(25) and Fund(38)) within the transparent window except for 

6-31G(d,p)/NNDMA, 6-311++G(df,pd)/NNDMA, 6-31G(d,p)/THF and 6-311G(d,p)/THF basis 

sets calculations. Thus, we can verify that these basis sets are not suitable for studying 

vibrational coupling. The rest of the basis set has the same azide absorption profile. Comb(15 30) 

matches with the peak at 2050 cm-1. Our calculations showed that Comb(15 30) has the highest 

cubic force constant (Figures 3.5 and 3.12) with the azide asymmetric stretch within the 

transparent window. Even though Over(25) is too far from fundamental vibration, it can be 

assigned to the peak around 2140 cm-1 because of the third-highest cubic force constant. Why do 

two solvents have completely different absorption profiles? and what is the azide asymmetric 

stretch out of the two high-intensity peaks? are the two major questions we need to address 

theoretically. First, we have shown that the intensity of azide asymmetric stretch lowered with 

the THF solvent (Figure 3.10). Second, there’s another combination band Comb(17 30) along 

with the Comb(18 30) that can not see separately in both FTIR and DFT spectra. Since the 

Comb(17 30) exists close to the Comb(18 30) and the azide asymmetric stretch, both 

combination bands borrow oscillator strength from the azide asymmetric stretch. When the 

frequency gap between the two high-intensity peaks reduces (matching energies), azide 

asymmetric stretch shares more oscillator strength with the nearby combination bands with 

matching symmetries. Interestingly, mode 30 is involved in both combination bands and it has 

the second-highest intensity. Since the frequency gap is low for THF, it will result in high 

intensity in peak at 2105 cm-1 in THF solvent. Thus, the shoulder peak in THF at 2119 cm-1 and 

the highest intensity peak in NNDMA is the azide asymmetric stretch. The intensity of Comb(17 

30) is higher in 6-311+G(d,p) and 6-311++G(d,p) basis sets (Figures 3.4 and 3.9).  
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Figure 5.2 – FTIR (red) and DFT (black) spectra of 4-azidotoluene in NNDMA (top) and THF 

(bottom) solvents. 
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Table 5.3 - Spectral characteristics of FTIR spectra of 4-azidotoluene 

Peak Frequency / cm
-1 Frequency shift / cm

-1 Relative peak Intensity 
NNDMA THF NNDMA THF NNDMA THF 

1 2050.7 2051.9 -76.4 -67.0 0.0608 0.0727 
2 2105.4 2105.2 -21.7 -13.7 0.7762 1 
3 2127.1 2118.9 0 0 1 0.3820 
4 2142.0 2138.9 14.9 20.0 0.2477 0.2766 

 

Table 5.4 - Spectral characteristics of B3LYP/6-311+G(d,p) spectra of 4-azidotoluene 

Peak Frequency / cm
-1 Resonance shift / cm

-1 Relative peak Intensity 
NNDMA THF NNDMA THF NNDMA THF 

Comb(15 30) 2070.5 2048.8 -95.2 -119.3 0.0536 0.0489 
Comb(17 30) 2140.9 2140.9 -17.7 -28.5 0.0440 0.0331 

Comb(18 30) 2135.9 2138.6 -26.1 -17.8 0.3329 0.3213 
Fund(38) 2173.9 2177.1 0 0 1 1 
Over(25) 2250.0 2250.5 78.7 73.3 0.0120 0.0122 

5.2.3 4-azidoacetanilide 

The frequencies, resonance shift, and relative intensities for both experimental and 

theoretical spectra are shown in Tables 5.5 and 5.6. In FTIR spectra, four distinct peaks are 

visible in both solvents. A high-intensity peak at 2118 cm-1 and a low-intensity peak at 2081 cm-1 

appears in both solvents. The frequency difference between these two peaks is 37 cm-1. One-

shoulder peak is visible at 2101 cm-1 for both solvents and another small peak is visible at 2147 

and 2142 cm-1 for NNDMA and THF solvents respectively. Visibly, the FTIR spectra of 4-

azidoacetanilide are simple. But, DFT calculations show that multiple combination bands can 

couple with the azide asymmetric stretch and generate different absorption profiles for different 

basis sets. Since the 6-311+G(d,p) basis set is suitable for describing the other two aryl-azide 

compounds, both theoretical spectra with the 6-311+G(d,p) basis set and the FTIR spectra in 
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NNDMA and THF solvents are shown in Figure 5.3. It shows that one peak results in higher 

intensity than azide asymmetric stretch in NNDMA solvent. This is due to the collection of 

combination bands present in it, such as Comb(25 39), Comb(20 45), and Comb(22 41). The 

shoulder peak next to this highest intensity peak is Comb(16 48). Based on the resonant coupling 

constant, both Comb(22 41) and Comb(16 48) cannot potentially couple with the azide 

asymmetric stretch. THF also has these high-intensity random peaks reflecting that these kinds of 

aryl-azides are not suitable as VPs. However, both spectra show that all these small peaks are left 

to the azide asymmetric stretch that can collectively contribute to the peaks in 2081 and 2101 cm-

1 while the peak at ~2040 cm-1 can be Over(33). 

 

Table 5.5 - Spectral characteristics of FTIR spectra of 4-azidoacetanilide  

Peak Peak Position / cm
-1 Frequency shift / cm

-1 Relative peak Intensity 
NNDMA THF NNDMA THF NNDMA THF 

1 2080.6 2081.1 -37.3 -36.8 0.2941 0.2848 
2 2101.1 2101.1 -16.8 -16.8 0.1379 0.1822 
3 2117.9 2117.9 0 0 1 1 
4 2147.1 2142.0 29.2 24.1 0.0640 0.1007 

 

Table 5.6 - Spectral characteristics of B3LYP/6-311+G(d,p) spectra of 4-azidoacetanilide 

Peak 
Frequency / cm

-1
 Resonance Shift / cm

-1
 Relative peak Intensity 

NNDMA THF NNDMA THF NNDMA THF 

Comb(22 39) 2078.1 2061.7 -98.6 -127.1 0.0566 0.0275 

Comb(24 38) 2117.3 2096.7 -50.8 -74.1 0.0253 0.0083 

Comb(24 39) 2119.2 2107.5 -41.0 -55.5 0.1091 0.0659 

Comb(25 39) 2160.1 2133.0 -16.1 -31.9 0.0257 0.0018 

Comb(20 45) 2165.0 2140.2 -7.3 -20.9 0.0892 0.1448 

Fund(49) 2173.8 2174.4 0 0 1 1 

Comb(24 40) 2184.6 2153.3 14.6 -13.1 0.0129 0.023 

Over (33) 2244.6 2239.0 79.8 99.0 0.0236 0.0142 
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Figure 5.3 – FTIR (red) and DFT (black) spectra of 4-azidoacetanilide in NNDMA (top) and 

THF (bottom) solvents. 
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5.3 Overview 

The final chapter compared the DFT calculated spectra and the FTIR spectra. DFT 

calculations have shown that multiple peaks are present within the azide absorption profile. Since 

the absorption profiles of FTIR spectra are congested, it is hard to state the number of peaks 

within it. On the other hand, DFT calculations have much wider azide absorption profiles. Most 

importantly, every basis set calculation shows the same vibrational modes contributing to the 

azide absorption profile except for molecules like 4-azidoacetanilide and 6-31G(d,p), 6-

311G(d,p), and 6-311++G(df,pd) basis sets. Both 6-311+G(d,p) and 6-311++G(d,p) basis sets 

could explain the solvent effect for both 4-azidotoluene and 4-azido-N-phenylmaleimide 

molecules. This comparison shows how important to understand the complex absorption profile 

of azide asymmetric stretch before it is used in the applications such as VPs. 
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CHAPTER 6 

CONCLUSION AND FUTURE WORK 

6.1 Conclusion 

Our study demonstrates how theoretical calculations can provide insight into the 

vibrational coupling and FRs in two aryl-azide compounds. Studying intensities, cubic force 

constants, and peak positions provide insight into what vibrational modes generate the complex 

absorption profile of these VPs. The basis set effects, solvent effects, and intramolecular effects 

were explored. In general, many studies of VPs only use a single basis set for the calculations. 

However, our study showed that it is difficult to predict the appropriate basis set. Even a high 

accurate basis set may produce erratic results. For example, the more diffused and polarized 6-

311++G(df,pd) basis set provides unnecessary complications to the absorption profile. Therefore, 

it is important to test several basis sets.  

The 6-31G(d,p) and 6-311G(d,p) are also not suitable because they exhibit high 

intensities for combination bands that are not potentially coupled with the azide asymmetric 

stretch due to the significant changes in dihedral angles between the azidophenyl ring and the 

para substituent. The changes in dihedral angle led to the changes in the region at para 

substituent in the HOMO orbital. Also, the 6-31++G(d,p) basis set introduces an unexpectedly 

intense peak for 4-azido-N-phenylmaleimide in THF solvent. After eliminating the basis sets 

listed above, 6-31+G(d,p), 6-311+G(d,p) and 6-311++G(d,p) basis sets are well in agreement 

with analyzing the vibrational spectra to understand vibrational coupling and FRs in aryl-azides 

except for molecules like 4-azidoacetanilide. Theoretical calculations of 4-azidoacetanilide 

showed a very complex absorption profile for azide asymmetric stretch when compared to 4-

azidotoluene and 4-azido-N-phenylmaleimide reflecting that the use of 4-azidoacetanilide won’t 
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be a wise choice for experimental studies of protein structure and dynamics. Out of these basis 

sets, the 6-311+G(d,p) basis set would be the best basis set since it produces a less complicated 

absorption profile with less possible resonance. Although we recommended a 6-311+G(d,p) 

basis set to understand vibrational coupling and FRs, it also showed a high-intensity peak for 

combinations bands that can’t couple with the azide asymmetric stretch for 4-azidoacetanilide. In 

this case, evaluating cubic force constants and TFR values give more insights into understanding 

vibrational coupling and FRs respectively. 

The TFR parameter provides a direct estimation of which combination and overtone 

bands that can potentially couple with the azide asymmetric stretch. Since the TFR is calculated 

based on cubic force constants and resonance shifts, we can get a high TFR value if a 

combination band or overtone is very close to the fundamental vibration. In that case, we can 

ignore those modes based on their intensity and cubic force constant values.  

In both solvents, we found that the same combination bands and overtones are involved 

in making FRs for all basis set calculations. In addition, those modes always consist of a high-

intensity vibrational mode. For example, in 4-azidotoluene, mode 30 was involved in Comb(18 

30), Comb(15 30), and Comb(17 30). In 4-azido-N-phenylmaleimide, mode 45 and mode 46 

were involved in Comb(27 45) and Comb(27 46). In addition, modes 30, 15, 17, and 25 in 4-

azidotoluene are similar to modes (45,46), 27, 26, and 39 in 4-azido-N-phenylmaleimide, 

respectively. Azide asymmetric stretch blue shift when substitution with methyl to maleimide 

group and solvent change from NNDMA to THF. Our study shows that azide-modified aryl 

compounds can be used as VPs if the absorption profile is not complicated as in 4-azidotoluene 

and 4-azido-N-phenylmaleimide. The anharmonic spectra of rotamers of 4-azido-N-

phenylmaleimide depict similar features. DFT spectra can qualitatively describe the azide 
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absorption profiles of FTIR spectra. But quantitively, theoretical calculations have multiple 

peaks within the azide absorption profile. For example, DFT calculations have shown that the 

azide absorption profile of 4-azidoacetanilide is more complicated than we see from the FTIR 

spectra.  

6.2 Future Work 

 In this study, we mainly focused on the basis set effect, intramolecular effect, rotational 

isomerism effect, and solvent effect on the azide absorption profiles. The basis sets: 6-31G(d,p), 

6-311G(d,p), and 6-311++G(df,pd) generate completely different absorption profiles from the 

other basis sets due to the structural changes in the optimized structures with different basis sets. 

Hence, it is interesting to study the azide absorption profile with one geometrically optimized 

structure with different basis set calculations for anharmonic frequency calculations. Recently, 

we have found that the erratic azide absorption profile of 6-31++G(d,p) basis set calculation in 

THF solvent for 4-azido-N-phenylmaleimide can be fixed by using 6-31G(d,p) and 6-31+G(d,p) 

optimized structure.  It would also be great to analyze frequency calculations with different 

functionals other than B3LYP.  

 To further understand of intramolecular effect, it would be exciting to characterize 

azidophenyl with different electron-accepting and electron-donating para substituents. Moreover, 

investigating rotational isomers with different energies would be another inspiring goal. Further, 

aryl-azides in polar and non-polar solvents would provide more insights into the solvent effect on 

the azide absorption profile.      
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APPENDIX A 

VIBRATIONAL MODES OF 4-AZIDOTOLUENE THAT OCCUR WITHIN ±130 CM-1 

FROM THE FUNDAMENTAL VIBRATION FOR SEVEN BASIS SETS IN NNDMA 

 

i, j, k : vibrational modes ; where k = 38 (azide asymmetric stretch)  

i = j → overtone & i ≠ j → combination band 

Kijk : cubic force constant 

TFR : third-order Fermi resonance  

ω(i), ω(j), ω(k) : anharmonic frequencies of i, j & k th mode  

ω(ij) : anharmonic frequency of ij th mode 

I(i), I(j), I(k) : anharmonic intensities of i, j & k th mode  

I(ij) : anharmonic intensity of ij th mode 

∆ω’ : ω(ij) - ω(k)   

∆ω : ω(i) + ω(j) - ω(k)   

 

6-31G(d,p)  

i  j 

Kijk / 

cm-1 

ω(i)   / 

cm-1 

I(i) / km 

mol-1 

ω(j) / 

cm-1 

I(j) / km 

mol-1 

ω(ij) / 

cm-1 

I(ij) / km 

mol-1 I(ij) / I(k)  ∆ω’ ∆ω TFR 

25 25 -33.12 1133.8 10.9 1133.8 10.9 2265.0 10.1 0.0885 67.3 69.9 0.474 

24 24 -0.79 1131.0 11.6 1131.0 11.6 2261.2 0.0 0.0001 63.5 64.2 0.012 

23 23 0.78 1062.0 6.3 1062.0 6.3 2090.3 0.2 0.0016 -107.4 -73.7 0.011 

24 25 -2.45 1131.0 11.6 1133.8 10.9 2262.6 0.1 0.0006 65 67.1 0.037 

23 27 0.71 1062.0 6.3 1211.7 2.5 2255.3 0.1 0.0007 57.6 76.1 0.009 

23 26 0.70 1062.0 6.3 1202.6 1.6 2248.6 0.0 0.0003 50.9 66.9 0.010 

23 25 0.99 1062.0 6.3 1133.8 10.9 2180.4 0.3 0.0022 -17.3 -1.9 0.529 

22 27 -0.26 1006.0 10.5 1211.7 2.5 2226.6 0.0 0.0002 29 20.1 0.013 

22 26 1.18 1006.0 10.5 1202.6 1.6 2217.0 1179.3 10.3326 19.4 10.9 0.109 

22 25 3.21 1006.0 10.5 1133.8 10.9 2148.9 0.6 0.0052 -48.7 -57.9 0.055 

22 24 -0.68 1006.0 10.5 1131.0 11.6 2144.8 0.0 0.0003 -52.9 -60.7 0.011 

21 30 -2.53 992.9 13.9 1326.0 48.5 2322.3 0.1 0.0010 124.6 121.2 0.021 
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i j 
Kijk / 

cm-1 
ω(i)   / 

cm-1 
I(i) / km 

mol-1 
ω(j)   / 

cm-1 
I(j) / km 

mol-1 
ω(ij)   / 

cm-1 
I(ij) / km 

mol-1 
I(ij) / I(k) ∆ω’ ∆ω TFR 

21 29 -0.42 992.9 13.9 1318.6 25.2 2311.7 0.0 0.0003 114.1 113.9 0.004 

21 25 0.83 992.9 13.9 1133.8 10.9 2128.4 0.0 0.0004 -69.3 -71 0.012 

19 30 0.89 936.6 0.6 1326.0 48.5 2265.8 0.0 0.0001 68.2 64.9 0.014 

19 26 -0.32 936.6 0.6 1202.6 1.6 2139.4 0.0 0.0001 -58.2 -58.5 0.005 

18 34 1.36 845.2 9.6 1487.9 9.1 2307.3 0.0 0.0002 109.6 135.4 0.010 

18 31 -1.85 845.2 9.6 1396.3 5.0 2237.9 0.9 0.0082 40.2 43.8 0.042 

18 30 47.16 845.2 9.6 1326.0 48.5 2153.6 14.0 0.1228 -44 -26.6 1.776 

18 29 5.10 845.2 9.6 1318.6 25.2 2151.8 1.0 0.0087 -45.8 -33.9 0.151 

18 28 5.94 845.2 9.6 1303.5 10.6 2138.6 0.8 0.0073 -59.1 -49 0.121 

17 31 -0.44 828.9 14.9 1396.3 5.0 2231.1 0.0 0.0004 33.5 27.5 0.016 

17 30 9.43 828.9 14.9 1326.0 48.5 2155.0 12.8 0.1121 -42.7 -42.9 0.220 

17 29 1.04 828.9 14.9 1318.6 25.2 2144.0 0.0 0.0004 -53.7 -50.2 0.021 

17 28 1.17 828.9 14.9 1303.5 10.6 2132.2 0.0 0.0003 -65.5 -65.3 0.018 

16 33 0.24 809.3 12.2 1462.8 14.9 2269.9 0.0 0.0000 72.2 74.5 0.003 

16 31 -0.35 809.3 12.2 1396.3 5.0 2220.8 0.1 0.0007 23.1 7.9 0.044 

16 30 5.97 809.3 12.2 1326.0 48.5 2143.6 2.3 0.0202 -54 -62.4 0.096 

16 29 0.52 809.3 12.2 1318.6 25.2 2136.2 0.0 0.0001 -61.5 -69.8 0.007 

16 28 0.92 809.3 12.2 1303.5 10.6 2122.7 0.0 0.0002 -75 -84.9 0.011 

15 35 7.68 758.7 8.9 1510.5 96.0 2270.8 1.8 0.0157 73.1 71.5 0.107 

15 34 -1.35 758.7 8.9 1487.9 9.1 2231.2 0.4 0.0033 33.5 49 0.028 

15 31 2.56 758.7 8.9 1396.3 5.0 2162.0 0.7 0.0065 -35.7 -42.7 0.060 

15 30 -54.37 758.7 8.9 1326.0 48.5 2080.0 21.0 0.1839 -117.7 -113 0.481 

15 29 -6.00 758.7 8.9 1318.6 25.2 2076.5 0.1 0.0013 -121.2 -120.4 0.050 

14 35 0.40 705.8 0.0 1510.5 96.0 2217.5 0.0 0.0004 19.9 18.6 0.022 

14 33 0.42 705.8 0.0 1462.8 14.9 2158.2 0.1 0.0005 -39.4 -29 0.015 

13 37 0.24 644.5 1.1 1623.8 3.2 2266.5 0.0 0.0000 68.8 70.6 0.003 

13 36 -0.53 644.5 1.1 1588.6 4.3 2232.0 0.0 0.0000 34.3 35.4 0.015 

13 34 -0.25 644.5 1.1 1487.9 9.1 2116.9 0.0 0.0002 -80.8 -65.3 0.004 

12 37 0.93 625.8 21.7 1623.8 3.2 2248.9 0.1 0.0011 51.2 51.9 0.018 

12 36 1.30 625.8 21.7 1588.6 4.3 2212.4 0.6 0.0057 14.7 16.7 0.078 

12 35 -4.14 625.8 21.7 1510.5 96.0 2137.7 1.1 0.0100 -59.9 -61.4 0.067 

12 34 0.83 625.8 21.7 1487.9 9.1 2098.5 0.0 0.0000 -99.2 -84 0.010 

3 38 -4.55 126.4 0.8 2197.7 114.1 2315.9 0.6 0.0051 118.2 126.4 0.036 

 

 

6-31+G(d,p)  

 

i j 
Kijk / 

cm-1 

ω(i)   / 

cm-1 

I(i) / km 

mol-1 

ω(j)   / 

cm-1 

I(j) / km 

mol-1 

ω(ij)   / 

cm-1 

I(ij) / km 

mol-1 

I(ij) / 

I(k) 
∆ω’ ∆ω TFR 

25 25 -32.55 1126.4 22.9 1126.4 22.9 2250.0 10.1 0.0130 69.1 72 0.452 

24 24 -0.90 1118.3 9.8 1118.3 9.8 2234.5 0.0 0.0000 53.6 55.8 0.016 

25 26 -11.54 1126.4 22.9 1185.1 2.3 2309.3 1.1 0.0014 128.5 130.6 0.088 

24 26 -0.79 1118.3 9.8 1185.1 2.3 2301.2 0.5 0.0006 120.4 122.5 0.006 

24 25 -3.38 1118.3 9.8 1126.4 22.9 2242.1 0.2 0.0002 61.2 63.9 0.053 
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i j 
Kijk / 

cm-1 
ω(i)   / 

cm-1 
I(i) / km 

mol-1 
ω(j)   / 

cm-1 
I(j) / km 

mol-1 
ω(ij)   / 

cm-1 
I(ij) / km 

mol-1 
I(ij) / 

I(k) 
∆ω’ ∆ω TFR 

23 27 0.54 1042.3 14.0 1203.5 4.0 2227.5 0.0 0.0000 46.7 65 0.008 

23 26 0.48 1042.3 14.0 1185.1 2.3 2209.4 0.0 0.0000 28.5 46.5 0.01 

23 25 0.70 1042.3 14.0 1126.4 22.9 2152.4 0.8 0.0010 -28.4 -12.2 0.058 

22 27 -0.28 936.0 0.8 1203.5 4.0 2210.2 0.0 0.0000 29.3 -41.3 0.007 

22 26 0.73 936.0 0.8 1185.1 2.3 2189.8 0.8 0.0010 8.9 -59.7 0.012 

22 25 2.89 936.0 0.8 1126.4 22.9 2132.7 0.9 0.0012 -48.1 -118.4 0.024 

22 24 -0.64 936.0 0.8 1118.3 9.8 2122.4 0.0 0.0001 -58.4 -126.5 0.005 

21 29 -0.21 1060.4 4.8 1308.9 99.4 2303.3 0.0 0.0000 122.5 188.5 0.001 

21 28 0.28 1060.4 4.8 1287.2 11.1 2295.2 0.1 0.0001 114.4 166.8 0.002 

21 27 -0.25 1060.4 4.8 1203.5 4.0 2198.1 0.1 0.0001 17.2 83.1 0.003 

21 26 -0.57 1060.4 4.8 1185.1 2.3 2180.8 0.8 0.0010 0 64.7 0.009 

19 30 0.74 919.2 1.2 1330.4 6.5 2248.6 0.0 0.0000 67.7 68.7 0.011 

18 34 -1.34 834.2 2.9 1512.9 9.9 2297.8 0.0 0.0000 116.9 166.3 0.008 

18 33 0.25 834.2 2.9 1427.3 4.0 2238.0 0.0 0.0000 57.2 80.7 0.003 

18 32 -0.31 834.2 2.9 1352.2 15.8 2244.8 0.0 0.0000 64 5.6 0.054 

18 31 2.35 834.2 2.9 1392.4 4.1 2223.5 1.0 0.0013 42.7 45.8 0.051 

18 30 -47.82 834.2 2.9 1330.4 6.5 2143.8 278.9 0.3578 -37.1 -16.2 2.944 

18 29 -6.09 834.2 2.9 1308.9 99.4 2139.1 3.0 0.0038 -41.8 -37.7 0.162 

18 28 -8.01 834.2 2.9 1287.2 11.1 2128.7 3.2 0.0041 -52.1 -59.5 0.135 

17 31 -0.26 840.5 43.9 1392.4 4.1 2217.9 0.0 0.0000 37 52.1 0.005 

17 30 4.47 840.5 43.9 1330.4 6.5 2149.9 7.1 0.0091 -31 -9.9 0.451 

17 29 0.59 840.5 43.9 1308.9 99.4 2135.0 0.0 0.0000 -45.8 -31.4 0.019 

17 28 0.74 840.5 43.9 1287.2 11.1 2123.0 0.0 0.0000 -57.9 -53.1 0.014 

16 35 -0.46 780.4 10.8 1498.3 47.8 2286.9 0.0 0.0000 106.1 97.8 0.005 

16 33 0.22 780.4 10.8 1427.3 4.0 2196.3 0.0 0.0000 15.4 26.8 0.008 

16 31 -0.26 780.4 10.8 1392.4 4.1 2184.2 0.0 0.0000 3.3 -8 0.032 

16 30 3.25 780.4 10.8 1330.4 6.5 2116.5 1.2 0.0015 -64.4 -70.1 0.046 

16 29 0.31 780.4 10.8 1308.9 99.4 2101.5 0.0 0.0000 -79.3 -91.5 0.003 

16 28 0.67 780.4 10.8 1287.2 11.1 2090.9 0.0 0.0000 -89.9 -113.3 0.006 

15 35 7.36 753.9 12.1 1498.3 47.8 2252.0 1.6 0.0020 71.2 71.4 0.103 

15 34 -1.37 753.9 12.1 1512.9 9.9 2222.9 0.3 0.0004 42 85.9 0.016 

15 31 2.98 753.9 12.1 1392.4 4.1 2148.5 1.3 0.0017 -32.4 -34.5 0.086 

15 30 -53.94 753.9 12.1 1330.4 6.5 2074.0 33.9 0.0435 -106.8 -96.6 0.559 

15 29 -7.23 753.9 12.1 1308.9 99.4 2064.6 0.4 0.0005 -116.2 -118 0.061 

15 28 -11.57 753.9 12.1 1287.2 11.1 2054.8 0.9 0.0012 -126 -139.8 0.083 

14 35 0.25 681.4 0.5 1498.3 47.8 2176.0 0.0 0.0000 -4.8 -1.1 0.230 

14 33 0.47 681.4 0.5 1427.3 4.0 2088.6 0.1 0.0001 -92.2 -72.1 0.007 

13 37 0.28 645.0 0.6 1605.3 2.5 2253.8 0.0 0.0000 73 69.4 0.004 

13 36 -0.62 645.0 0.6 1580.9 7.8 2225.3 0.0 0.0000 44.5 45.1 0.014 

13 35 0.26 645.0 0.6 1498.3 47.8 2139.8 0.0 0.0000 -41 -37.6 0.007 

13 34 -0.24 645.0 0.6 1512.9 9.9 2111.1 0.0 0.0000 -69.8 -23 0.011 

12 37 1.05 618.2 23.7 1605.3 2.5 2228.9 0.1 0.0002 48.1 42.7 0.025 

12 36 1.51 618.2 23.7 1580.9 7.8 2198.7 0.6 0.0008 17.9 18.3 0.083 

12 35 -4.14 618.2 23.7 1498.3 47.8 2114.1 1.5 0.0020 -66.8 -64.3 0.064 

12 34 0.86 618.2 23.7 1512.9 9.9 2085.6 0.0 0.0000 -95.3 -49.7 0.017 

3 38 -5.69 117.0 1.0 2180.8 779.6 2285.4 0.7 0.0008 104.6 117 0.049 
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6-31++G(d,p)  

 

i j 
Kijk / 

cm-1 

ω(i)   / 

cm-1 

I(i) / km 

mol-1 

ω(j)   / 

cm-1 

I(j) / km 

mol-1 

ω(ij)   / 

cm-1 

I(ij) / km 

mol-1 

I(ij) / 

I(k) 
∆ω’ ∆ω TFR 

25 25 -32.88 1128.3 14.2 1128.3 14.2 2256.1 10.3 0.0133 75.1 75.6 0.435 

24 24 -0.71 1128 11.5 1128.0 11.5 2256.9 0.0 0.0000 76 75 0.009 

23 23 0.64 1055.7 9.9 1055.7 9.9 2076.8 0.1 0.0001 -104.2 -69.5 0.009 

24 25 -2.10 1128.0 11.5 1128.3 14.2 2256.1 0.0 0.0000 75.2 75.3 0.028 

23 27 0.77 1055.7 9.9 1205.2 1.9 2241.4 0.1 0.0001 60.5 80 0.010 

23 26 0.72 1055.7 9.9 1200.3 1.4 2240.1 0.0 0.0000 59.2 75 0.010 

23 25 1.03 1055.7 9.9 1128.3 14.2 2169.3 1.4 0.0018 -11.7 3.1 0.338 

22 26 0.85 1005.5 2.2 1200.3 1.4 2214.8 1.0 0.0013 33.8 24.8 0.034 

22 25 2.90 1005.5 2.2 1128.3 14.2 2143.6 0.8 0.0011 -37.3 -47.1 0.061 

22 24 -0.74 1005.5 2.2 1128.0 11.5 2141.7 0.1 0.0001 -39.3 -47.4 0.016 

21 29 -0.43 985.1 31.1 1317.0 54.1 2306.2 0.0 0.0000 125.2 121.2 0.004 

21 28 -0.20 985.1 31.1 1292.9 88.9 2287.6 0.0 0.0000 106.6 97.1 0.002 

21 25 0.66 985.1 31.1 1128.3 14.2 2116.6 0.0 0.0001 -64.3 -67.6 0.010 

19 30 0.93 940.1 2.4 1330.8 3.9 2266.8 0.0 0.0000 85.8 90 0.010 

19 26 -0.27 940.1 2.4 1200.3 1.4 2142.5 0.0 0.0000 -38.5 -40.6 0.007 

18 34 -1.32 834.2 3.0 1474.9 19.0 2291.9 0.0 0.0000 110.9 128.2 0.010 

18 32 -0.33 834.2 3.0 1399.6 20.8 2249.0 0.0 0.0000 68.1 52.9 0.006 

18 31 1.96 834.2 3.0 1381.0 2.6 2223.4 0.8 0.0010 42.4 34.3 0.057 

18 30 -47.60 834.2 3.0 1330.8 3.9 2143.7 267.5 0.3431 -37.2 -15.9 2.987 

18 29 -5.07 834.2 3.0 1317.0 54.1 2150.4 2.1 0.0027 -30.5 -29.7 0.171 

18 28 -6.59 834.2 3.0 1292.9 88.9 2130.2 2.2 0.0028 -50.7 -53.8 0.122 

17 31 -0.34 833.6 37.1 1381.0 2.6 2216.4 0.0 0.0000 35.4 33.7 0.010 

17 30 6.09 833.6 37.1 1330.8 3.9 2148.1 12.2 0.0157 -32.9 -16.5 0.369 

17 29 0.64 833.6 37.1 1317.0 54.1 2145.1 0.0 0.0000 -35.8 -30.3 0.021 

17 28 0.86 833.6 37.1 1292.9 88.9 2122.9 0.0 0.0000 -58.1 -54.4 0.016 

16 33 0.24 801.8 14.8 1451.1 12.8 2246.7 0.0 0.0000 65.8 71.9 0.003 

16 31 -0.34 801.8 14.8 1381.0 2.6 2202.5 0.1 0.0001 21.6 1.9 0.181 

16 30 5.06 801.8 14.8 1330.8 3.9 2135.0 2.9 0.0037 -45.9 -48.4 0.105 

16 29 0.44 801.8 14.8 1317.0 54.1 2132.3 0.0 0.0000 -48.6 -62.1 0.007 

16 28 0.85 801.8 14.8 1292.9 88.9 2111.3 0.0 0.0000 -69.6 -86.2 0.010 

15 35 7.47 756.5 9.3 1506.4 51.0 2261.5 1.7 0.0022 80.6 81.9 0.091 

15 34 -1.36 756.5 9.3 1474.9 19.0 2216.6 0.3 0.0004 35.6 50.5 0.027 

15 31 2.67 756.5 9.3 1381.0 2.6 2148.4 1.1 0.0014 -32.5 -43.4 0.061 

15 30 -54.40 756.5 9.3 1330.8 3.9 2073.5 33.9 0.0435 -107.5 -93.6 0.581 

15 29 -5.98 756.5 9.3 1317.0 54.1 2076.1 0.2 0.0003 -104.8 -107.4 0.056 

15 28 -9.95 756.5 9.3 1292.9 88.9 2056.3 0.7 0.0009 -124.7 -131.5 0.076 

14 35 0.42 698.5 0.0 1506.4 51.0 2204.8 0.0 0.0001 23.9 24 0.018 

14 33 0.47 698.5 0.0 1451.1 12.8 2134.8 0.1 0.0001 -46.1 -31.3 0.015 

13 36 0.53 642.3 0.7 1580.4 5.6 2221.7 0.0 0.0000 40.8 41.8 0.013 

12 37 1.02 621.6 26.8 1610.8 3.0 2234.2 0.1 0.0002 53.3 51.4 0.020 

12 36 -1.50 621.6 26.8 1580.4 5.6 2200.1 0.6 0.0007 19.2 21 0.071 

12 35 -4.17 621.6 26.8 1506.4 51.0 2126.5 1.6 0.0021 -54.4 -53 0.079 

12 34 0.90 621.6 26.8 1474.9 19.0 2081.9 0.0 0.0000 -99 -84.4 0.011 

3 38 -5.65 123.4 0.9 2180.9 779.5 2293.0 0.7 0.0008 112 123.4 0.046 
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6-311G(d,p)  

 

i j 
Kijk / 

cm-1 

ω(i)   / 

cm-1 

I(i) / km 

mol-1 

ω(j)   / 

cm-1 

I(j) / km 

mol-1 

ω(ij)   / 

cm-1 

I(ij) / km 

mol-1 

I(ij) / 

I(k) 
∆ω’ ∆ω TFR 

25 25 -31.95 1129.8 11.3 1129.8 11.3 2256.9 9.8 0.0132 71.8 74.4 0.430 

24 24 -1.13 1129.1 13.0 1129.1 13.0 2255.6 0.0 0.0000 70.4 73 0.015 

23 23 0.56 1074.5 5.0 1074.5 5.0 2082.8 0.1 0.0001 -102.3 -36.1 0.016 

24 25 -2.39 1129.1 13.0 1129.8 11.3 2255.9 0.1 0.0001 70.8 73.7 0.032 

23 27 0.78 1074.5 5.0 1204.2 0.3 2244.6 0.1 0.0001 59.4 93.6 0.008 

23 26 0.72 1074.5 5.0 1200.0 2.0 2242.1 0.0 0.0000 57 89.4 0.008 

23 25 0.99 1074.5 5.0 1129.8 11.3 2172.5 0.5 0.0007 -12.6 19.2 0.052 

22 28 1.03 1012.5 5.1 1282.0 74.8 2301.9 0.0 0.0000 116.8 109.3 0.009 

22 26 1.01 1012.5 5.1 1200.0 2.0 2217.6 3.2 0.0043 32.5 27.3 0.037 

22 25 2.67 1012.5 5.1 1129.8 11.3 2147.6 0.5 0.0007 -37.5 -42.9 0.062 

22 24 -0.62 1012.5 5.1 1129.1 13.0 2144.8 0.0 0.0000 -40.4 -43.6 0.014 

21 30 -3.15 991.6 17.8 1324.5 52.3 2312.5 0.2 0.0002 127.4 131 0.024 

21 29 -0.39 991.6 17.8 1320.2 45.5 2311.0 0.0 0.0000 125.9 126.7 0.003 

21 25 0.98 991.6 17.8 1129.8 11.3 2120.5 0.1 0.0001 -64.6 -63.8 0.015 

19 30 -1.02 908.3 0.3 1324.5 52.3 2257.5 0.0 0.0000 72.4 47.7 0.022 

19 26 0.33 908.3 0.3 1200.0 2.0 2134.4 0.0 0.0000 -50.7 -76.9 0.004 

19 25 0.23 908.3 0.3 1129.8 11.3 2065.0 0.0 0.0000 -120.2 -147.1 0.002 

18 34 -1.36 832.2 9.1 1484.7 15.8 2295.2 0.0 0.0000 110 131.8 0.010 

18 32 -0.24 832.2 9.1 1401.4 5.6 2248.3 0.0 0.0000 63.2 48.5 0.005 

18 31 2.16 832.2 9.1 1379.0 4.9 2224.6 1.2 0.0016 39.5 26.1 0.083 

18 30 -48.03 832.2 9.1 1324.5 52.3 2144.4 174.9 0.2358 -40.8 -28.4 1.693 

18 29 -1.82 832.2 9.1 1320.2 45.5 2152.8 0.2 0.0003 -32.3 -32.7 0.056 

18 28 -4.98 832.2 9.1 1282.0 74.8 2116.7 0.4 0.0006 -68.4 -70.9 0.070 

17 34 0.21 842.3 29.4 1484.7 15.8 2286.4 0.0 0.0000 101.3 141.9 0.001 

17 31 -0.58 842.3 29.4 1379.0 4.9 2216.3 0.1 0.0001 31.1 36.2 0.016 

17 30 10.66 842.3 29.4 1324.5 52.3 2145.2 25.3 0.0341 -39.9 -18.3 0.583 

17 29 0.40 842.3 29.4 1320.2 45.5 2145.4 0.0 0.0000 -39.8 -22.6 0.018 

16 34 0.23 801.9 7.3 1484.7 15.8 2277.8 0.0 0.0000 92.6 101.5 0.002 

16 33 0.23 801.9 7.3 1448.5 32.3 2258.0 0.0 0.0000 72.9 65.3 0.004 

16 31 -0.40 801.9 7.3 1379.0 4.9 2207.7 0.1 0.0001 22.5 -4.2 0.095 

16 30 6.28 801.9 7.3 1324.5 52.3 2136.7 4.8 0.0065 -48.5 -58.7 0.107 

16 28 0.73 801.9 7.3 1282.0 74.8 2101.2 0.0 0.0000 -83.9 -101.2 0.007 

15 35 7.43 760.4 4.6 1502.1 7.4 2260.7 1.6 0.0022 75.5 77.3 0.096 

15 34 -1.33 760.4 4.6 1484.7 15.8 2222.5 0.3 0.0004 37.4 60 0.022 

15 31 2.90 760.4 4.6 1379.0 4.9 2151.6 1.0 0.0013 -33.5 -45.8 0.063 

15 30 -54.60 760.4 4.6 1324.5 52.3 2076.0 26.8 0.0362 -109.2 -100.2 0.545 

15 29 -1.36 760.4 4.6 1320.2 45.5 2080.9 0.0 0.0000 -104.3 -104.5 0.013 

14 35 0.46 710.8 0.2 1502.1 7.4 2210.1 0.0 0.0000 25 27.8 0.016 

14 33 0.50 710.8 0.2 1448.5 32.3 2153.1 0.1 0.0002 -32 -25.8 0.019 

13 36 0.62 644.3 0.4 1573.4 3.7 2217.7 0.0 0.0000 32.6 32.5 0.019 

13 34 -0.27 644.3 0.4 1484.7 15.8 2105.9 0.0 0.0000 -79.3 -56.2 0.005 

12 37 1.03 625.9 23.1 1611.0 5.2 2235.8 0.1 0.0002 50.7 51.7 0.020 

12 36 -1.16 625.9 23.1 1573.4 3.7 2198.9 0.5 0.0007 13.7 14.2 0.082 

12 35 -3.98 625.9 23.1 1502.1 7.4 2126.7 1.3 0.0018 -58.5 -57.1 0.070 

12 34 0.77 625.9 23.1 1484.7 15.8 2088.9 0.0 0.0000 -96.3 -74.5 0.010 
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6-311+G(d,p)  

 

i j 
Kijk / 

cm-1 

ω(i)   / 

cm-1 

I(i) / km 

mol-1 

ω(j)   / 

cm-1 

I(j) / km 

mol-1 

ω(ij)   / 

cm-1 

I(ij) / km 

mol-1 

I(ij) / 

I(k) 
∆ω’ ∆ω TFR 

25 25 -31.44 1126.3 14.5 1126.3 14.5 2250.0 9.4 0.0120 76.1 78.7 0.399 

24 24 -0.99 1127.8 17.6 1127.8 17.6 2258.3 0.0 0.0000 84.4 81.7 0.012 

23 23 0.56 1043.6 3.8 1043.6 3.8 2076.5 0.0 0.0001 -97.4 -86.6 0.006 

24 25 -2.30 1127.8 17.6 1126.3 14.5 2254.1 0.0 0.0001 80.2 80.2 0.029 

23 27 0.81 1043.6 3.8 1203.3 3.6 2240.6 0.1 0.0001 66.7 73.1 0.011 

23 26 0.73 1043.6 3.8 1205.1 1.4 2243.4 0.0 0.0000 69.5 74.9 0.010 

23 25 1.04 1043.6 3.8 1126.3 14.5 2165.9 7.2 0.0092 -7.9 -4 0.262 

22 28 0.94 1014.9 1.6 1280.7 56.1 2299.9 0.0 0.0000 126 121.7 0.008 

22 26 0.77 1014.9 1.6 1205.1 1.4 2221.9 0.4 0.0005 48 46.1 0.017 

22 25 2.46 1014.9 1.6 1126.3 14.5 2143.9 0.8 0.0010 -29.9 -32.7 0.075 

22 24 -0.66 1014.9 1.6 1127.8 17.6 2145.8 0.1 0.0001 -28 -31.2 0.021 

21 28 -0.29 993.6 11.9 1280.7 56.1 2275.2 0.0 0.0001 101.3 100.4 0.003 

21 27 0.21 993.6 11.9 1203.3 3.6 2192.9 0.0 0.0000 19.1 23.1 0.009 

21 25 0.89 993.6 11.9 1126.3 14.5 2117.4 0.1 0.0001 -56.4 -53.9 0.016 

19 30 1.03 937.4 1.0 1319.1 49.8 2256.8 0.0 0.0000 82.9 82.6 0.012 

19 26 -0.30 937.4 1.0 1205.1 1.4 2142.4 0.0 0.0000 -31.4 -31.3 0.010 

19 25 -0.22 937.4 1.0 1126.3 14.5 2065.2 0.0 0.0000 -108.7 -110.1 0.002 

18 34 -1.37 828.8 8.6 1470.3 15.8 2289.0 0.0 0.0000 115.1 125.2 0.011 

18 32 -0.21 828.8 8.6 1402.4 8.2 2242.2 0.0 0.0000 68.3 57.3 0.004 

18 31 2.02 828.8 8.6 1385.0 2.6 2220.8 0.7 0.0010 47 40 0.050 

18 30 -48.36 828.8 8.6 1319.1 49.8 2135.9 260.0 0.3329 -37.9 -26 1.858 

18 29 -1.65 828.8 8.6 1322.8 7.3 2153.1 0.4 0.0006 -20.8 -22.3 0.074 

18 28 -5.58 828.8 8.6 1280.7 56.1 2112.3 1.0 0.0013 -61.6 -64.4 0.087 

17 31 -0.45 837.1 14.6 1385.0 2.6 2214.9 0.0 0.0000 41 48.3 0.009 

17 30 8.16 837.1 14.6 1319.1 49.8 2140.9 34.4 0.044 -33 -17.7 0.461 

17 29 0.26 837.1 14.6 1322.8 7.3 2147.9 0.0 0.0000 -26 -13.9 0.019 

17 28 0.95 837.1 14.6 1280.7 56.1 2106.9 0.0 0.0000 -67 -56.1 0.017 

16 34 0.21 804.6 0.6 1470.3 15.8 2273.3 0.0 0.0000 99.5 101 0.002 

16 33 0.25 804.6 0.6 1445.7 19.6 2252.6 0.0 0.0000 78.7 76.4 0.003 

16 31 -0.34 804.6 0.6 1385.0 2.6 2205.2 0.0 0.0000 31.4 15.7 0.021 

16 30 5.14 804.6 0.6 1319.1 49.8 2130.1 4.3 0.0055 -43.8 -50.2 0.102 

16 28 0.68 804.6 0.6 1280.7 56.1 2097.5 0.0 0.0000 -76.4 -88.6 0.008 

15 35 7.21 759.6 4.9 1499.5 62.5 2258.1 1.4 0.0018 84.2 85.2 0.085 

15 34 -1.39 759.6 4.9 1470.3 15.8 2218.4 0.2 0.0002 44.5 56.1 0.025 

15 31 2.77 759.6 4.9 1385.0 2.6 2151.9 1.5 0.0019 -22 -29.2 0.095 

15 30 -55.62 759.6 4.9 1319.1 49.8 2070.5 41.8 0.0536 -103.4 -95.2 0.584 

15 29 -1.20 759.6 4.9 1322.8 7.3 2083.2 0.0 0.0000 -90.7 -91.4 0.013 

14 35 0.43 683.2 0.3 1499.5 62.5 2180.3 0.0 0.0000 6.4 8.8 0.049 

14 33 0.50 683.2 0.3 1445.7 19.6 2121.7 0.2 0.0003 -52.1 -44.9 0.011 

13 37 0.26 643.8 0.2 1605.4 5.7 2247.2 0.0 0.0000 73.3 75.4 0.003 

13 36 0.57 643.8 0.2 1571.2 5.7 2215.2 0.0 0.0000 41.4 41.2 0.014 

12 37 1.04 625.5 25.5 1605.4 5.7 2229.9 0.2 0.0002 56 57 0.018 

12 36 -1.29 625.5 25.5 1571.2 5.7 2196.0 0.3 0.0004 22.2 22.8 0.056 

12 35 -3.95 625.5 25.5 1499.5 62.5 2124.0 1.9 0.0025 -49.9 -48.9 0.081 

12 34 0.80 625.5 25.5 1470.3 15.8 2084.6 0.0 0.0000 -89.3 -78.1 0.010 

3 38 -5.60 125.6 1.1 2173.9 780.9 2302.4 0.7 0.0009 128.5 125.6 0.045 



 

130 

 

 

6-311++G(d,p)  

 

i j 
Kijk / cm-

1 

ω(i)   / 

cm-1 

I(i) / km 

mol-1 

ω(j)   / 

cm-1 

I(j) / km 

mol-1 

ω(ij)   / 

cm-1 

I(ij) / km 

mol-1 

I(ij) / 

I(k) 
∆ω’ ∆ω TFR 

25 25 -31.36 1125.7 16.0 1125.7 16.0 2248.8 9.4 0.0122 74.2 76.8 0.408 

24 24 -0.99 1125.7 18.5 1125.7 18.5 2254.4 0.0 0.0000 79.8 76.9 0.013 

23 23 0.58 1052.5 8.5 1052.5 8.5 2080.9 0.1 0.0001 -93.7 -69.6 0.008 

24 25 -2.34 1125.7 18.5 1125.7 16.0 2251.4 0.0 0.0001 76.8 76.8 0.03 

23 27 0.82 1052.5 8.5 1201.6 3.1 2241.7 0.1 0.0001 67.1 79.5 0.01 

23 26 0.73 1052.5 8.5 1203.5 0.8 2243.5 0.0 0.0000 68.9 81.4 0.009 

23 25 1.03 1052.5 8.5 1125.7 16.0 2167.5 5.8 0.0076 -7.1 3.6 0.285 

22 28 0.95 1010.5 2.2 1283.8 89.9 2302.3 0.0 0.0000 127.7 119.7 0.008 

22 26 0.76 1010.5 2.2 1203.5 0.8 2220.0 0.4 0.0005 45.4 39.3 0.019 

22 25 2.46 1010.5 2.2 1125.7 16.0 2143.6 0.8 0.0011 -31 -38.4 0.064 

22 24 -0.66 1010.5 2.2 1125.7 18.5 2144.2 0.1 0.0001 -30.4 -38.4 0.017 

21 28 -0.28 990.4 23.0 1283.8 89.9 2273.8 0.0 0.0001 99.2 99.6 0.003 

21 27 0.21 990.4 23.0 1201.6 3.1 2188.3 0.0 0.0000 13.7 17.4 0.012 

21 25 0.88 990.4 23.0 1125.7 16.0 2113.3 0.1 0.0001 -61.3 -58.5 0.015 

19 30 1.01 933.5 0.9 1321.9 38.5 2259.0 0.0 0.0000 84.4 80.8 0.013 

19 26 -0.29 933.5 0.9 1203.5 0.8 2140.9 0.0 0.0000 -33.7 -37.6 0.008 

18 34 -1.36 829.2 18.3 1487.1 31.9 2291.5 0.0 0.0000 116.9 141.7 0.01 

18 31 2.03 829.2 18.3 1379.2 10.4 2221.8 0.8 0.0010 47.2 33.9 0.06 

18 30 -48.25 829.2 18.3 1321.9 38.5 2137.3 273.1 0.3565 -37.3 -23.5 2.054 

18 29 -1.59 829.2 18.3 1319.1 86.1 2151.4 0.4 0.0005 -23.2 -26.3 0.061 

17 31 -0.46 838.3 36.4 1379.2 10.4 2215.6 0.0 0.0000 41 42.9 0.011 

17 30 8.33 838.3 36.4 1321.9 38.5 2142.3 33.8 0.0441 -32.3 -14.5 0.576 

17 29 0.25 838.3 36.4 1319.1 86.1 2146.0 0.0 0.0000 -28.6 -17.2 0.014 

17 28 0.97 838.3 36.4 1283.8 89.9 2109.0 0.0 0.0000 -65.6 -52.5 0.018 

16 34 0.21 801.5 4.8 1487.1 31.9 2274.8 0.0 0.0000 100.2 114 0.002 

16 33 0.23 801.5 4.8 1444.1 42.8 2247.9 0.0 0.0000 73.3 71 0.003 

16 31 -0.32 801.5 4.8 1379.2 10.4 2205.0 0.0 0.0000 30.4 6.2 0.052 

16 30 5.00 801.5 4.8 1321.9 38.5 2132.1 4.2 0.0055 -42.5 -51.2 0.098 

16 28 0.66 801.5 4.8 1283.8 89.9 2098.4 0.0 0.0000 -76.2 -89.3 0.007 

15 35 7.22 760.4 6.0 1498.7 33.1 2257.9 1.4 0.0019 83.3 84.5 0.085 

15 34 -1.38 760.4 6.0 1487.1 31.9 2221.2 0.2 0.0002 46.6 72.8 0.019 

15 31 2.79 760.4 6.0 1379.2 10.4 2153.0 1.5 0.0019 -21.6 -35 0.08 

15 30 -55.66 760.4 6.0 1321.9 38.5 2072.3 41.4 0.0541 -102.3 -92.4 0.603 

15 29 -1.14 760.4 6.0 1319.1 86.1 2081.7 0.0 0.0000 -92.9 -95.1 0.012 

15 28 -8.69 760.4 6.0 1283.8 89.9 2046.1 0.5 0.0006 -128.5 -130.4 0.067 

14 35 0.46 689.4 0.2 1498.7 33.1 2186.8 0.0 0.0000 12.2 13.5 0.034 

14 33 0.50 689.4 0.2 1444.1 42.8 2124.9 0.3 0.0003 -49.7 -41.1 0.012 

13 37 0.26 643.7 0.9 1605.5 4.1 2247.2 0.0 0.0000 72.6 74.6 0.003 

13 36 0.57 643.7 0.9 1571.1 6.5 2214.4 0.0 0.0000 39.8 40.1 0.014 

12 37 1.04 622.7 26.2 1605.5 4.1 2227.2 0.2 0.0002 52.6 53.6 0.019 

12 36 -1.28 622.7 26.2 1571.1 6.5 2192.6 0.4 0.0005 18 19.1 0.067 

12 35 -3.97 622.7 26.2 1498.7 33.1 2120.8 1.9 0.0025 -53.8 -53.2 0.075 

12 34 0.81 622.7 26.2 1487.1 31.9 2084.3 0.0 0.0000 -90.3 -64.8 0.012 

3 38 -5.75 133.4 0.8 2174.6 766.1 2296.4 0.7 0.0009 121.8 133.4 0.043 
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6-311++G(df,pd)  

 

i j 
Kijk / 

cm-1 

ω(i)   / 

cm-1 

I(i) / km 

mol-1 

ω(j)   / 

cm-1 

I(j) / km 

mol-1 

ω(ij)   / 

cm-1 

I(ij) / km 

mol-1 

I(ij) / 

I(k) 
∆ω’ ∆ω TFR 

26 26 -3.81 1160.8 3.4 1160.8 3.4 2238.4 0.0 0.0001 63.8 147.1 0.026 

25 25 -31.40 1125.2 14.2 1125.2 14.2 2250.9 8.4 0.0113 76.3 75.7 0.415 

24 24 -1.58 1054.1 19.4 1054.1 19.4 2200.1 0.0 0.0000 25.5 -66.4 0.024 

23 23 0.56 1038.4 2.0 1038.4 2.0 2092.9 0.0 0.0001 -81.7 -97.8 0.006 

25 26 -10.82 1125.2 14.2 1160.8 3.4 2246.5 0.8 0.0010 71.9 111.4 0.097 

24 26 -1.37 1054.1 19.4 1160.8 3.4 2218.6 0.6 0.0008 43.9 40.3 0.034 

24 25 -4.81 1054.1 19.4 1125.2 14.2 2225.4 0.3 0.0004 50.8 4.7 1.025 

23 27 0.66 1038.4 2.0 1201.8 3.0 2241.2 0.1 0.0001 66.6 65.6 0.01 

23 26 0.54 1038.4 2.0 1160.8 3.4 2168.2 0.0 0.0000 -6.4 24.6 0.022 

23 25 0.80 1038.4 2.0 1125.2 14.2 2174.7 7.6 0.0102 0 -11 0.072 

22 29 -0.50 1072.9 7.2 1275.3 14.9 2266.1 0.3 0.0004 91.5 173.6 0.003 

22 26 0.59 1072.9 7.2 1160.8 3.4 2113.3 0.2 0.0002 -61.3 59.1 0.01 

22 25 2.32 1072.9 7.2 1125.2 14.2 2122.1 1.3 0.0017 -52.6 23.4 0.099 

22 24 -0.50 1072.9 7.2 1054.1 19.4 2093.9 0.1 0.0001 -80.7 -47.6 0.01 

21 34 -0.92 805.3 25.0 1509.7 36.8 2281.7 0.4 0.0005 107.1 140.4 0.007 

21 30 -0.53 805.3 25.0 1323.2 90.2 2250.5 0.0 0.0001 75.9 -46.2 0.011 

21 29 -0.43 805.3 25.0 1275.3 14.9 2197.6 0.0 0.0000 23 -94 0.005 

21 27 -0.21 805.3 25.0 1201.8 3.0 2123.6 0.1 0.0001 -51 -167.5 0.001 

21 26 -0.40 805.3 25.0 1160.8 3.4 2046.3 1.2 0.0016 -128.4 -208.5 0.002 

21 25 0.28 805.3 25.0 1125.2 14.2 2057.1 0.0 0.0001 -117.5 -244.1 0.001 

19 30 0.85 950.6 2.0 1323.2 90.2 2227.7 0.0 0.0000 53.1 99.1 0.009 

18 34 -0.97 829.8 28.2 1509.7 36.8 2192.7 0.0 0.0000 18.1 164.9 0.006 

18 33 0.32 829.8 28.2 1437.6 7.6 2285.8 0.0 0.0000 111.1 92.7 0.003 

18 32 -0.26 829.8 28.2 1404.3 4.4 2233.3 0.0 0.0000 58.6 59.5 0.004 

18 31 1.90 829.8 28.2 1205.2 5.5 2176.4 0.5 0.0007 1.7 -139.6 0.014 

18 30 -36.32 829.8 28.2 1323.2 90.2 2138.1 322.5 0.4334 -36.5 -21.7 1.673 

18 29 -1.97 829.8 28.2 1275.3 14.9 2103.8 1.1 0.0015 -70.8 -69.5 0.028 

18 28 -4.58 829.8 28.2 1286.7 29.2 2113.3 0.8 0.0011 -61.3 -58.1 0.079 

17 34 0.82 843.8 2.4 1509.7 36.8 2189.3 0.0 0.0000 14.7 178.9 0.005 

17 31 -1.79 843.8 2.4 1205.2 5.5 2173.7 0.4 0.0006 -0.9 -125.6 0.014 

17 30 32.57 843.8 2.4 1323.2 90.2 2150.4 5.6 0.0076 -24.2 -7.6 4.266 

17 29 1.76 843.8 2.4 1275.3 14.9 2101.1 0.8 0.0011 -73.5 -55.4 0.032 

17 28 4.12 843.8 2.4 1286.7 29.2 2110.8 0.6 0.0008 -63.8 -44.1 0.094 

16 35 -0.49 774.2 11.1 1473.8 26.5 2236.4 0.0 0.0000 61.8 73.4 0.007 

16 31 -0.34 774.2 11.1 1205.2 5.5 2099.3 0.0 0.0000 -75.4 -195.2 0.002 

16 30 4.36 774.2 11.1 1323.2 90.2 2076.4 8.7 0.0117 -98.2 -77.3 0.056 

15 35 7.00 714.6 14.8 1473.8 26.5 2221.9 1.1 0.0015 47.3 13.8 0.508 

15 34 -1.28 714.6 14.8 1509.7 36.8 2099.8 0.1 0.0002 -74.8 49.7 0.026 

15 31 3.35 714.6 14.8 1205.2 5.5 2085.7 2.4 0.0032 -88.9 -254.8 0.013 
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i j 
Kijk / 

cm-1 
ω(i)   / 

cm-1 
I(i) / km 

mol-1 
ω(j)   / 

cm-1 
I(j) / km 

mol-1 
ω(ij)   / 

cm-1 
I(ij) / km 

mol-1 
I(ij) / 

I(k) 
∆ω’ ∆ω TFR 

15 30 -55.96 714.6 14.8 1323.2 90.2 2054.3 49.0 0.0659 -120.4 -136.9 0.409 

14 35 0.31 696.9 0.2 1473.8 26.5 2176.7 0.0 0.0000 2 -4 0.078 

14 33 0.51 696.9 0.2 1437.6 7.6 2150.2 0.4 0.0005 -24.5 -40.2 0.013 

13 37 0.26 645.1 0.2 1598.3 11.9 2240.7 0.0 0.0000 66.1 68.8 0.004 

13 36 0.63 645.1 0.2 1568.2 1.4 2214.9 0.0 0.0000 40.3 38.7 0.016 

13 35 0.29 645.1 0.2 1473.8 26.5 2125.1 0.0 0.0000 -49.5 -55.7 0.005 

12 37 1.08 621.1 24.6 1598.3 11.9 2217.6 0.2 0.0002 42.9 44.8 0.024 

12 36 -1.21 621.1 24.6 1568.2 1.4 2190.2 0.3 0.0003 15.6 14.7 0.082 

12 35 -3.86 621.1 24.6 1473.8 26.5 2101.5 2.4 0.0032 -73.2 -79.7 0.048 

3 38 -5.64 107.9 0.7 2174.6 744.0 2260.0 0.7 0.0010 85.4 107.9 0.052 
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APPENDIX B 

VIBRATIONAL MODES OF 4-AZIDOTOLUENE THAT OCCUR WITHIN ±130 CM-1 

FROM THE FUNDAMENTAL VIBRATION FOR SEVEN BASIS SETS IN THF 

 

i, j, k : vibrational modes ; where k = 38 (azide asymmetric stretch)  

i = j → overtone & i ≠ j → combination band 

Kijk : cubic force constant 

TFR : third-order Fermi resonance  

ω(i), ω(j), ω(k) : anharmonic frequencies of i, j & k th mode  

ω(ij) : anharmonic frequency of ij th mode 

I(i), I(j), I(k) : anharmonic intensities of i, j & k th mode  

I(ij) : anharmonic intensity of ij th mode 

∆ω’ : ω(ij) - ω(k)   

∆ω : ω(i) + ω(j) - ω(k)   

 

6-31G(d,p)  

i j 
Kijk / 

cm-1 

ω(i)   / 

cm-1 

I(i) / km 

mol-1 

ω(j)   / 

cm-1 

I(j) / km 

mol-1 

ω(ij)   / 

cm-1 

I(ij) / km 

mol-1 

I(ij) / 

I(k) 
∆ω’ ∆ω TFR 

25 25 -33.43 1133.6 5.8 1133.6 5.8 2264.5 10.0 0.0144 64.7 67.2 0.497 

24 24 -0.81 1132.1 13.0 1132.1 13.0 2264.8 0.0 0.0000 64.9 64.3 0.013 

23 23 0.75 1047.9 5.7 1047.9 5.7 2077.7 0.2 0.0003 -122.1 -104.1 0.007 

24 25 -2.49 1132.1 13.0 1133.6 5.8 2264.3 0.1 0.0001 64.4 65.8 0.038 

23 27 0.68 1047.9 5.7 1211.5 2.0 2248.9 0.1 0.0001 49 59.5 0.011 

23 26 0.68 1047.9 5.7 1202.3 2.0 2241.7 0.0 0.0001 41.8 50.3 0.013 

23 25 0.96 1047.9 5.7 1133.6 5.8 2174.0 0.2 0.0002 -25.9 -18.4 0.052 

22 28 0.26 1018.4 3.7 1305.7 128.5 2322.8 0.0 0.0000 123 124.3 0.002 

22 27 -0.28 1018.4 3.7 1211.5 2.0 2229.7 0.0 0.0000 29.9 30 0.009 

22 26 1.26 1018.4 3.7 1202.3 2.0 2220.0 28.8 0.0415 20.2 20.8 0.061 

22 25 3.27 1018.4 3.7 1133.6 5.8 2151.9 0.5 0.0008 -48 -47.9 0.068 
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i j 
Kijk / 

cm-1 
ω(i)   / 

cm-1 
I(i) / km 

mol-1 
ω(j)   / 

cm-1 
I(j) / km 

mol-1 
ω(ij)   / 

cm-1 
I(ij) / km 

mol-1 
I(ij) / 

I(k) 
∆ω’ ∆ω TFR 

22 24 -0.66 1018.4 3.7 1132.1 13.0 2150.2 0.0 0.0000 -49.7 -49.4 0.013 

21 30 -2.23 982.0 13.4 1329.7 112.2 2310.8 0.1 0.0001 110.9 111.8 0.020 

21 29 -0.42 982.0 13.4 1315.0 7.8 2295.2 0.0 0.0000 95.3 97.2 0.004 

21 25 0.74 982.0 13.4 1133.6 5.8 2114.6 0.0 0.0001 -85.3 -84.3 0.009 

19 30 0.84 937.9 1.3 1329.7 112.2 2268.6 0.0 0.0000 68.7 67.7 0.012 

19 26 -0.31 937.9 1.3 1202.3 2.0 2139.1 0.0 0.0000 -60.7 -59.8 0.005 

18 34 1.33 829.6 14.7 1470.8 4.4 2288.7 0.0 0.0000 88.8 100.6 0.013 

18 32 0.23 829.6 14.7 1414.2 6.4 2256.0 0.0 0.0000 56.1 43.9 0.005 

18 31 -1.80 829.6 14.7 1387.5 1.5 2227.5 0.9 0.0013 27.6 17.2 0.105 

18 30 47.33 829.6 14.7 1329.7 112.2 2154.6 109.2 0.1574 -45.3 -40.6 1.167 

18 29 5.38 829.6 14.7 1315.0 7.8 2147.9 0.9 0.0013 -51.9 -55.2 0.097 

18 28 5.50 829.6 14.7 1305.7 128.5 2137.5 0.6 0.0008 -62.4 -64.6 0.085 

17 31 -0.43 843.8 10.8 1387.5 1.5 2223.1 0.0 0.0001 23.2 31.4 0.014 

17 30 9.22 843.8 10.8 1329.7 112.2 2158.0 9.9 0.0143 -41.9 -26.4 0.349 

17 29 1.06 843.8 10.8 1315.0 7.8 2142.3 0.0 0.0000 -57.6 -41.1 0.026 

17 28 1.05 843.8 10.8 1305.7 128.5 2133.5 0.0 0.0000 -66.4 -50.4 0.021 

16 31 -0.33 812.9 10.2 1387.5 1.5 2214.7 0.1 0.0001 14.8 0.6 0.605 

16 30 5.87 812.9 10.2 1329.7 112.2 2149.9 1.9 0.0027 -50 -57.2 0.103 

16 29 0.53 812.9 10.2 1315.0 7.8 2136.7 0.0 0.0000 -63.2 -71.9 0.007 

16 28 0.86 812.9 10.2 1305.7 128.5 2126.0 0.0 0.0000 -73.9 -81.2 0.011 

15 35 7.85 758.8 8.7 1511.4 91.2 2271.8 1.8 0.0027 71.9 70.4 0.112 

15 34 -1.32 758.8 8.7 1470.8 4.4 2214.3 0.4 0.0005 14.4 29.8 0.045 

15 31 2.47 758.8 8.7 1387.5 1.5 2153.0 0.6 0.0009 -46.9 -53.6 0.046 

15 30 -54.47 758.8 8.7 1329.7 112.2 2082.2 18.7 0.0270 -117.7 -111.4 0.489 

15 29 -6.39 758.8 8.7 1315.0 7.8 2074.2 0.2 0.0002 -125.7 -126.1 0.051 

14 35 0.39 704.5 0.0 1511.4 91.2 2217.0 0.1 0.0001 17.2 16 0.024 

14 33 -0.42 704.5 0.0 1457.8 9.7 2161.0 0.0 0.0001 -38.9 -37.6 0.011 

13 36 -0.51 644.3 0.4 1589.3 5.7 2232.4 0.0 0.0000 32.5 33.7 0.015 

12 37 0.92 625.5 19.3 1624.5 2.8 2249.0 0.1 0.0002 49.2 50.2 0.018 

12 36 1.28 625.5 19.3 1589.3 5.7 2212.7 0.7 0.0011 12.8 14.9 0.086 

12 35 -4.20 625.5 19.3 1511.4 91.2 2138.4 1.0 0.0015 -61.5 -62.9 0.067 

12 34 0.79 625.5 19.3 1470.8 4.4 2081.2 0.0 0.0000 -118.6 -103.5 0.008 

3 38 -4.30 132.3 0.7 2199.9 693.9 2324.3 0.5 0.0008 124.4 132.3 0.032 
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6-31+G(d,p)  

 

i j 
Kijk / 

cm-1 

ω(i)   / 

cm-1 

I(i) / km 

mol-1 

ω(j)   / 

cm-1 

I(j) / km 

mol-1 

ω(ij)   / 

cm-1 

I(ij) / km 

mol-1 

I(ij) / 

I(k) 
∆ω’ ∆ω TFR 

25 25 -32.88 1128.6 19.6 1128.6 19.6 2252.5 10.1 0.0137 68.0 72.7 0.453 

24 24 -0.93 1114.1 8.4 1114.1 8.4 2230.8 0.0 0.0000 46.3 43.7 0.021 

23 23 0.58 1039.3 3.3 1039.3 3.3 2054.8 0.1 0.0001 -129.7 -105.9 0.005 

25 26 -11.92 1128.6 19.6 1187.9 2.4 2310.6 1.1 0.0015 126.2 132.0 0.090 

24 26 -0.85 1114.1 8.4 1187.9 2.4 2299.7 0.4 0.0006 115.2 117.5 0.007 

24 25 -3.28 1114.1 8.4 1128.6 19.6 2241.4 0.1 0.0002 57.0 58.2 0.056 

23 27 0.54 1039.3 3.3 1204.0 2.8 2231.0 0.0 0.0001 46.5 58.9 0.009 

23 26 0.48 1039.3 3.3 1187.9 2.4 2211.9 0.0 0.0000 27.5 42.7 0.011 

23 25 0.72 1039.3 3.3 1128.6 19.6 2156.7 0.4 0.0006 -27.7 -16.6 0.044 

22 29 -0.70 1006.3 2.0 1311.4 40.5 2305.6 0.3 0.0004 121.1 133.3 0.005 

22 27 -0.29 1006.3 2.0 1204.0 2.8 2205.7 0.0 0.0000 21.3 25.9 0.011 

22 26 0.86 1006.3 2.0 1187.9 2.4 2185.0 1.4 0.0019 0.5 9.8 0.088 

22 25 2.93 1006.3 2.0 1128.6 19.6 2129.0 0.7 0.0010 -55.4 -49.6 0.059 

22 24 -0.62 1006.3 2.0 1114.1 8.4 2115.8 0.0 0.0000 -68.7 -64.0 0.010 

21 30 0.62 967.7 4.1 1328.7 23.5 2301.1 0.0 0.0000 116.6 111.9 0.006 

21 29 -0.23 967.7 4.1 1311.4 40.5 2278.3 0.0 0.0000 93.9 94.6 0.002 

21 28 0.22 967.7 4.1 1276.8 13.9 2272.0 0.0 0.0001 87.5 60.1 0.004 

21 27 -0.23 967.7 4.1 1204.0 2.8 2177.7 0.1 0.0001 -6.8 -12.7 0.018 

21 26 -0.52 967.7 4.1 1187.9 2.4 2159.1 0.4 0.0005 -25.4 -28.9 0.018 

19 30 0.76 923.2 1.6 1328.7 23.5 2250.8 0.0 0.0000 66.4 67.4 0.011 

19 29 0.23 923.2 1.6 1311.4 40.5 2231.1 0.0 0.0000 46.6 50.1 0.005 

19 26 -0.27 923.2 1.6 1187.9 2.4 2109.1 0.0 0.0000 -75.4 -73.4 0.004 

18 34 -1.28 834.7 2.2 1479.2 4.2 2300.8 0.0 0.0000 116.3 129.4 0.010 

18 33 0.21 834.7 2.2 1431.9 5.4 2239.6 0.0 0.0000 55.1 82.1 0.003 

18 32 -0.46 834.7 2.2 1367.9 7.9 2245.2 0.0 0.0001 60.8 18.1 0.026 

18 31 2.24 834.7 2.2 1404.2 5.3 2217.2 1.0 0.0014 32.8 54.5 0.041 

18 30 -47.90 834.7 2.2 1328.7 23.5 2146.5 237.7 0.3234 -37.9 -21.1 2.270 

18 29 -6.34 834.7 2.2 1311.4 40.5 2136.8 2.5 0.0033 -47.7 -38.4 0.165 

18 28 -7.40 834.7 2.2 1276.8 13.9 2127.9 2.1 0.0029 -56.6 -72.9 0.101 

17 31 -0.26 833.0 33.8 1404.2 5.3 2210.3 0.0 0.0000 25.8 52.8 0.005 

17 30 4.87 833.0 33.8 1328.7 23.5 2150.9 6.1 0.0083 -33.6 -22.8 0.213 

17 29 0.68 833.0 33.8 1311.4 40.5 2131.4 0.0 0.0000 -53.1 -40.1 0.017 

17 28 0.74 833.0 33.8 1276.8 13.9 2120.9 0.0 0.0000 -63.5 -74.7 0.010 

16 35 -0.51 792.7 11.0 1499.2 45.7 2294.8 0.0 0.0000 110.3 107.5 0.005 

16 33 0.23 792.7 11.0 1431.9 5.4 2204.6 0.0 0.0000 20.1 40.2 0.006 

16 31 -0.27 792.7 11.0 1404.2 5.3 2184.0 0.0 0.0001 -0.5 12.5 0.022 

16 30 3.38 792.7 11.0 1328.7 23.5 2124.9 1.0 0.0014 -59.5 -63.1 0.054 

16 29 0.31 792.7 11.0 1311.4 40.5 2106.6 0.0 0.0000 -77.9 -80.3 0.004 

16 28 0.67 792.7 11.0 1276.8 13.9 2096.3 0.0 0.0000 -88.2 -114.9 0.006 

15 35 7.54 753.9 11.4 1499.2 45.7 2249.8 1.6 0.0022 65.3 68.7 0.110 
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i j 
Kijk / 

cm-1 
ω(i)   / 

cm-1 
I(i) / km 

mol-1 
ω(j)   / 

cm-1 
I(j) / km 

mol-1 
ω(ij)   / 

cm-1 
I(ij) / km 

mol-1 
I(ij) / 

I(k) 
∆ω’ ∆ω TFR 

15 34 -1.28 753.9 11.4 1479.2 4.2 2222.6 0.3 0.0004 38.2 48.6 0.026 

15 31 2.85 753.9 11.4 1404.2 5.3 2138.7 1.1 0.0014 -45.7 -26.3 0.108 

15 30 -54.12 753.9 11.4 1328.7 23.5 2073.1 29.2 0.0397 -111.4 -101.9 0.531 

15 29 -7.55 753.9 11.4 1311.4 40.5 2059.0 0.3 0.0005 -125.5 -119.2 0.063 

14 35 0.27 679.8 0.7 1499.2 45.7 2174.2 0.0 0.0000 -10.3 -5.4 0.049 

14 33 0.45 679.8 0.7 1431.9 5.4 2085.9 0.1 0.0001 -98.5 -72.8 0.006 

13 37 0.22 642.9 0.3 1615.7 3.5 2254.7 0.0 0.0000 70.2 74.2 0.003 

13 36 -0.57 642.9 0.3 1581.9 4.9 2223.4 0.0 0.0000 39.0 40.3 0.014 

13 35 0.29 642.9 0.3 1499.2 45.7 2136.9 0.0 0.0000 -47.5 -42.3 0.007 

12 37 1.01 610.1 21.1 1615.7 3.5 2225.4 0.1 0.0002 40.9 41.4 0.025 

12 36 1.49 610.1 21.1 1581.9 4.9 2192.5 0.7 0.0010 8.0 7.5 0.199 

12 35 -4.21 610.1 21.1 1499.2 45.7 2106.8 1.3 0.0018 -77.7 -75.1 0.056 

12 34 0.81 610.1 21.1 1479.2 4.2 2080.3 0.0 0.0000 -104.1 -95.2 0.008 

3 38 -5.36 126.8 0.7 2184.5 735.1 2300.2 0.6 0.0008 115.8 126.8 0.042 

 

 

6-31++G(d,p)  

 

i j 
Kijk / 

cm-1 

ω(i)   / cm-

1 

I(i) / km 

mol-1 

ω(j)   / 

cm-1 

I(j) / km 

mol-1 

ω(ij)   / 

cm-1 

I(ij) / km 

mol-1 

I(ij) / 

I(k) 
∆ω’ ∆ω TFR 

25 25 -33.39 1130.9 14.1 1130.9 14.1 2260.8 10.5 0.0141 76.6 77.7 0.430 

24 24 -0.75 1127.4 5.7 1127.4 5.7 2257.5 0.0 0.0000 73.4 70.6 0.011 

23 23 0.60 1055.6 4.8 1055.6 4.8 2088.8 0.1 0.0001 -95.4 -72.9 0.008 

24 25 -1.96 1127.4 5.7 1130.9 14.1 2259.1 0.0 0.0000 74.9 74.1 0.026 

23 27 0.75 1055.6 4.8 1207.9 2.0 2250.2 0.1 0.0001 66.1 79.4 0.009 

23 26 0.70 1055.6 4.8 1202.3 1.2 2246.9 0.0 0.0000 62.8 73.8 0.010 

23 25 1.03 1055.6 4.8 1130.9 14.1 2177.4 0.8 0.0010 -6.7 2.4 0.428 

22 28 0.24 1012.8 5.9 1293.1 79.0 2313.9 0.0 0.0000 129.7 121.8 0.002 

22 26 0.96 1012.8 5.9 1202.3 1.2 2216.2 1.9 0.0025 32.1 31 0.031 

22 25 2.95 1012.8 5.9 1130.9 14.1 2146.2 0.7 0.0009 -38 -40.4 0.073 

22 24 -0.72 1012.8 5.9 1127.4 5.7 2142.5 0.0 0.0001 -41.6 -43.9 0.016 

21 29 -0.46 991.1 28.8 1318.1 68.2 2310.7 0.0 0.0000 126.5 125 0.004 

21 28 -0.21 991.1 28.8 1293.1 79.0 2292.5 0.0 0.0000 108.3 100.1 0.002 

21 25 0.71 991.1 28.8 1130.9 14.1 2123.1 0.0 0.0001 -61.1 -62.1 0.012 

19 30 0.90 939.4 1.9 1330.2 72.5 2267.3 0.0 0.0000 83.2 85.4 0.011 

19 26 -0.29 939.4 1.9 1202.3 1.2 2142.6 0.0 0.0000 -41.5 -42.5 0.007 

18 34 -1.28 834.5 3.2 1482.6 36.7 2295.5 0.0 0.0000 111.4 132.9 0.010 

18 32 -0.47 834.5 3.2 1403.6 15.2 2254.3 0.0 0.0000 70.1 54 0.009 

18 31 1.85 834.5 3.2 1387.1 10.3 2232.5 0.8 0.0010 48.4 37.4 0.050 

18 30 -47.67 834.5 3.2 1330.2 72.5 2146.0 226.6 0.3061 -38.2 -19.4 2.452 

18 29 -5.14 834.5 3.2 1318.1 68.2 2151.4 1.7 0.0023 -32.8 -31.6 0.163 

18 28 -6.05 834.5 3.2 1293.1 79.0 2131.5 1.4 0.0019 -52.6 -56.6 0.107 
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i j 
Kijk / 

cm-1 
ω(i)   / cm-

1 
I(i) / km 

mol-1 
ω(j)   / 

cm-1 
I(j) / km 

mol-1 
ω(ij)   / 

cm-1 
I(ij) / km 

mol-1 
I(ij) / 

I(k) 
∆ω’ ∆ω TFR 

17 31 -0.36 835.9 30.3 1387.1 10.3 2227.6 0.0 0.0000 43.5 38.9 0.009 

17 30 6.49 835.9 30.3 1330.2 72.5 2151.7 10.1 0.0136 -32.4 -18 0.360 

17 29 0.69 835.9 30.3 1318.1 68.2 2148.1 0.0 0.0000 -36.1 -30.1 0.023 

17 28 0.83 835.9 30.3 1293.1 79.0 2126.3 0.0 0.0000 -57.8 -55.1 0.015 

16 33 0.23 803.5 11.3 1450.7 34.6 2250.9 0.0 0.0000 66.8 70 0.003 

16 31 -0.32 803.5 11.3 1387.1 10.3 2212.7 0.1 0.0001 28.6 6.4 0.050 

16 30 5.13 803.5 11.3 1330.2 72.5 2137.6 2.3 0.0031 -46.6 -50.5 0.102 

16 29 0.41 803.5 11.3 1318.1 68.2 2134.2 0.0 0.0000 -50 -62.6 0.007 

16 28 0.81 803.5 11.3 1293.1 79.0 2113.5 0.0 0.0000 -70.6 -87.6 0.009 

15 35 7.64 757.8 8.9 1508.5 53.2 2264.9 1.8 0.0024 80.8 82.1 0.093 

15 34 -1.31 757.8 8.9 1482.6 36.7 2221.0 0.3 0.0004 36.8 56.2 0.023 

15 31 2.53 757.8 8.9 1387.1 10.3 2158.4 0.9 0.0012 -25.8 -39.3 0.064 

15 30 -54.54 757.8 8.9 1330.2 72.5 2076.0 29.1 0.0393 -108.2 -96.1 0.567 

15 29 -6.07 757.8 8.9 1318.1 68.2 2077.9 0.2 0.0003 -106.3 -108.3 0.056 

15 28 -9.30 757.8 8.9 1293.1 79.0 2058.3 0.5 0.0007 -125.8 -133.3 0.070 

14 35 0.42 698.0 0.2 1508.5 53.2 2206.4 0.0 0.0001 22.3 22.3 0.019 

14 33 0.46 698.0 0.2 1450.7 34.6 2137.0 0.1 0.0001 -47.1 -35.4 0.013 

13 37 0.23 642.7 0.6 1611.1 3.7 2254.8 0.0 0.0000 70.7 69.7 0.003 

13 36 0.49 642.7 0.6 1581.3 5.4 2223.0 0.0 0.0000 38.8 39.9 0.012 

12 37 1.00 622.0 24.0 1611.1 3.7 2235.1 0.1 0.0002 50.9 49 0.020 

12 36 -1.47 622.0 24.0 1581.3 5.4 2201.3 0.7 0.0009 17.2 19.1 0.077 

12 35 -4.25 622.0 24.0 1508.5 53.2 2129.0 1.4 0.0019 -55.2 -53.7 0.079 

12 34 0.84 622.0 24.0 1482.6 36.7 2085.3 0.0 0.0000 -98.9 -79.6 0.011 

3 38 -5.35 135.7 1.6 2184.2 740.3 2307.1 0.6 0.0008 123 135.7 0.039 

             

 

6-311G(d,p)  

 

i j 
Kijk / 

cm-1 

ω(i)   / 

cm-1 

I(i) / km 

mol-1 

ω(j)   / 

cm-1 

I(j) / km 

mol-1 

ω(ij)   / 

cm-1 

I(ij) / km 

mol-1 

I(ij) / 

I(k) 
∆ω’ ∆ω TFR 

25 25 -32.15 1128.6 8.9163 1128.6 8.9163 2254.7 9.6531 0.0131 67.1 69.6 0.462 

24 24 -1.15 1130.3 14.0172 1130.3 14.0172 2259.9 0.0140 0.0000 72.3 73.1 0.016 

23 23 0.52 1091.0 3.6344 1091.0 3.6344 2092.6 0.0602 0.0001 -95 -5.7 0.091 

24 25 -2.43 1130.3 14.0172 1128.6 8.9163 2257.1 0.0726 0.0001 69.5 71.3 0.034 

23 27 0.75 1091.0 3.6344 1205.8 4.5593 2250.9 0.0769 0.0001 63.3 109.1 0.007 

23 26 0.69 1091.0 3.6344 1203.1 1.7391 2248.7 0.0321 0.0000 61.1 106.5 0.007 

23 25 0.96 1091.0 3.6344 1128.6 8.9163 2176.2 0.3157 0.0004 -11.4 32 0.030 

22 28 1.07 1019.1 3.5745 1284.2 37.7391 2305.4 0.0025 0.0000 117.8 115.7 0.009 

22 26 1.08 1019.1 3.5745 1203.1 1.7391 2221.3 6.5051 0.0088 33.7 34.7 0.031 

22 25 2.73 1019.1 3.5745 1128.6 8.9163 2148.3 0.4771 0.0006 -39.2 -39.9 0.069 

22 24 -0.61 1019.1 3.5745 1130.3 14.0172 2149.1 0.0253 0.0000 -38.5 -38.1 0.016 

21 30 -3.15 990.2 0.8277 1324.9 57.5403 2317.5 0.1440 0.0002 129.9 127.5 0.025 
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i j 
Kijk / 

cm-1 
ω(i)   / 

cm-1 
I(i) / km 

mol-1 
ω(j)   / 

cm-1 
I(j) / km 

mol-1 
ω(ij)   / 

cm-1 
I(ij) / km 

mol-1 
I(ij) / 

I(k) 
∆ω’ ∆ω TFR 

21 29 -0.42 990.2 0.8277 1322.2 32.2631 2315.4 0.0023 0.0000 127.8 124.9 0.003 

21 25 0.98 990.2 0.8277 1128.6 8.9163 2122.8 0.0562 0.0001 -64.8 -68.7 0.014 

19 30 -0.98 905.4 0.4143 1324.9 57.5403 2261.9 0.0106 0.0000 74.3 42.7 0.023 

19 26 0.33 905.4 0.4143 1203.1 1.7391 2138.8 0.0068 0.0000 -48.8 -79.0 0.004 

18 34 -1.32 831.9 1.7915 1490.3 4.2758 2293.7 0.0223 0.0000 106.1 134.7 0.010 

18 32 -0.38 831.9 1.7915 1385.5 3.3697 2250.0 0.0301 0.0000 62.4 29.9 0.013 

18 31 2.08 831.9 1.7915 1405.5 1.5175 2228.5 1.1808 0.0016 40.9 49.9 0.042 

18 30 -48.25 831.9 1.7915 1324.9 57.5403 2144.5 144.9548 0.1961 -43.1 -30.8 1.565 

18 29 -2.15 831.9 1.7915 1322.2 32.2631 2151.9 0.2635 0.0004 -35.7 -33.4 0.064 

18 28 -4.80 831.9 1.7915 1284.2 37.7391 2116.3 0.3334 0.0005 -71.3 -71.5 0.067 

17 31 -0.55 843.2 34.1399 1405.5 1.5175 2222.6 0.0749 0.0001 35.0 61.2 0.009 

17 30 10.31 843.2 34.1399 1324.9 57.5403 2147.1 18.4066 0.0249 -40.5 -19.5 0.529 

17 29 0.45 843.2 34.1399 1322.2 32.2631 2147.0 0.0095 0.0000 -40.6 -22.1 0.021 

17 28 1.03 843.2 34.1399 1284.2 37.7391 2111.3 0.0249 0.0000 -76.3 -60.2 0.017 

16 34 0.23 803.5 5.1162 1490.3 4.2758 2283.7 0.0011 0.0000 96.1 106.3 0.002 

16 33 0.21 803.5 5.1162 1459.7 16.6768 2279.5 0.0041 0.0000 91.9 75.7 0.003 

16 31 -0.38 803.5 5.1162 1405.5 1.5175 2218.2 0.0661 0.0001 30.6 21.5 0.018 

16 30 6.12 803.5 5.1162 1324.9 57.5403 2142.7 3.6493 0.0049 -44.9 -59.2 0.103 

16 28 0.69 803.5 5.1162 1284.2 37.7391 2107.5 0.0152 0.0000 -80.1 -99.9 0.007 

15 35 7.63 760.0 3.8398 1501.8 48.7380 2259.9 1.6935 0.0023 72.3 74.2 0.103 

15 34 -1.29 760.0 3.8398 1490.3 4.2758 2222.9 0.2918 0.0004 35.3 62.8 0.021 

15 31 2.77 760.0 3.8398 1405.5 1.5175 2157.2 0.8044 0.0011 -30.4 -22.1 0.125 

15 30 -54.76 760.0 3.8398 1324.9 57.5403 2077.2 23.9474 0.0324 -110.4 -102.7 0.533 

15 29 -1.75 760.0 3.8398 1322.2 32.2631 2081.7 0.0152 0.0000 -105.9 -105.4 0.017 

14 35 0.45 711.5 0.4986 1501.8 48.7380 2210.1 0.0324 0.0000 22.5 25.7 0.018 

14 33 0.49 711.5 0.4986 1459.7 16.6768 2170.8 0.1135 0.0002 -16.8 -16.3 0.030 

13 36 0.58 642.6 0.0200 1573.1 4.7042 2215.9 0.0089 0.0000 28.3 28.2 0.021 

13 35 0.27 642.6 0.0200 1501.8 48.7380 2141.7 0.0012 0.0000 -45.9 -43.2 0.006 

13 34 -0.24 642.6 0.0200 1490.3 4.2758 2105.6 0.0194 0.0000 -82.0 -54.6 0.004 

12 37 1.00 630.6 19.4882 1611.4 2.7279 2241.2 0.1235 0.0002 53.6 54.4 0.018 

12 36 -1.15 630.6 19.4882 1573.1 4.7042 2203.4 0.5457 0.0007 15.8 16.1 0.071 

12 35 -4.05 630.6 19.4882 1501.8 48.7380 2130.7 1.2127 0.0016 -56.9 -55.2 0.073 

12 34 0.72 630.6 19.4882 1490.3 4.2758 2094.5 0.0034 0.0000 -93.1 -66.6 0.011 
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6-311+G(d,p)  

 

i j 
Kijk / cm-

1 

ω(i)   / 

cm-1 

I(i) / km 

mol-1 

ω(j)   / 

cm-1 

I(j) / km 

mol-1 

ω(ij)   / 

cm-1 

I(ij) / km 

mol-1 

I(ij) / 

I(k) 
∆ω’ ∆ω TFR 

26 26 -4.30 1042.8 14.4 1042.8 14.4 2199.1 0.0 0.0001 22.1 -91.5 0.0 

25 25 -31.39 1125.2 13.9 1125.2 13.9 2250.5 9.1 0.0122 73.4 73.4 0.4 

24 24 -1.14 1147.9 1.9 1147.9 1.9 2201.5 0.0 0.0000 24.4 118.8 0.0 

23 23 0.52 1055.9 4.4 1055.9 4.4 2085.4 0.0 0.0001 -91.6 -65.3 0.0 

25 26 -11.52 1125.2 13.9 1042.8 14.4 2226.7 1.0 0.0013 49.7 -9.0 1.3 

24 26 -0.81 1147.9 1.9 1042.8 14.4 2200.8 0.5 0.0007 23.8 13.7 0.1 

24 25 -2.98 1147.9 1.9 1125.2 13.9 2226.0 0.1 0.0001 48.9 96.1 0.0 

23 27 0.74 1055.9 4.4 1205.3 2.8 2235.6 0.1 0.0001 58.6 84.1 0.0 

23 26 0.66 1055.9 4.4 1042.8 14.4 2144.9 0.0 0.0000 -32.2 -78.4 0.0 

23 25 0.93 1055.9 4.4 1125.2 13.9 2170.7 2.1 0.0028 -6.3 4.0 0.2 

22 30 -10.68 1035.4 1.3 1323.4 132.6 2295.4 0.4 0.0006 118.3 181.8 0.1 

22 29 -0.35 1035.4 1.3 1260.6 1.6 2220.4 0.3 0.0004 43.4 119.0 0.0 

22 28 0.89 1035.4 1.3 1288.1 30.8 2260.4 0.0 0.0000 83.3 146.5 0.0 

22 26 0.83 1035.4 1.3 1042.8 14.4 2073.4 0.5 0.0006 -103.7 -98.8 0.0 

22 25 2.51 1035.4 1.3 1125.2 13.9 2101.3 0.7 0.0009 -75.8 -16.4 0.2 

22 24 -0.60 1035.4 1.3 1147.9 1.9 2074.3 0.0 0.0001 -102.7 6.3 0.1 

21 30 -1.76 862.3 16.5 1323.4 132.6 2266.9 0.1 0.0001 89.9 8.7 0.2 

21 29 -0.44 862.3 16.5 1260.6 1.6 2191.0 0.0 0.0000 14.0 -54.1 0.0 

21 25 0.55 862.3 16.5 1125.2 13.9 2072.9 0.0 0.0001 -104.2 -189.5 0.0 

19 30 0.98 930.0 2.9 1323.4 132.6 2238.5 0.0 0.0000 61.5 76.3 0.0 

18 34 -1.33 835.9 7.4 1169.9 11.3 2240.1 0.0 0.0000 63.0 -171.2 0.0 

18 32 -0.38 835.9 7.4 1485.7 6.2 2218.8 0.0 0.0000 41.7 144.5 0.0 

18 31 2.09 835.9 7.4 1389.7 1.9 2173.1 0.8 0.0011 -3.9 48.6 0.0 

18 30 -48.58 835.9 7.4 1323.4 132.6 2138.6 238.6 0.3213 -38.4 -17.8 2.7 

18 29 -2.29 835.9 7.4 1260.6 1.6 2077.6 0.6 0.0008 -99.5 -80.6 0.0 

18 28 -5.82 835.9 7.4 1288.1 30.8 2115.3 0.9 0.0012 -61.7 -53.0 0.1 

17 35 -0.84 825.2 26.4 1497.4 25.7 2300.0 0.0 0.0000 122.9 145.6 0.0 

17 31 -0.44 825.2 26.4 1389.7 1.9 2164.4 0.0 0.0000 -12.7 37.9 0.0 

17 30 7.96 825.2 26.4 1323.4 132.6 2140.9 24.6 0.0331 -36.2 -28.4 0.3 

17 29 0.34 825.2 26.4 1260.6 1.6 2069.7 0.0 0.0000 -107.4 -91.2 0.0 

17 28 0.96 825.2 26.4 1288.1 30.8 2107.3 0.0 0.0000 -69.7 -63.7 0.0 

16 35 -0.61 783.7 10.0 1497.4 25.7 2267.6 0.0 0.0000 90.6 104.0 0.0 

16 31 -0.32 783.7 10.0 1389.7 1.9 2132.4 0.0 0.0000 -44.7 -3.7 0.1 

16 30 4.63 783.7 10.0 1323.4 132.6 2110.1 2.7 0.0037 -67.0 -70.0 0.1 

16 28 0.64 783.7 10.0 1288.1 30.8 2076.2 0.0 0.0000 -100.9 -105.3 0.0 

15 35 7.40 734.4 4.0 1497.4 25.7 2213.9 1.4 0.0019 36.9 54.7 0.1 

15 34 -1.34 734.4 4.0 1169.9 11.3 2144.5 0.2 0.0002 -32.5 -272.7 0.0 

15 31 2.76 734.4 4.0 1389.7 1.9 2079.1 1.2 0.0016 -97.9 -52.9 0.1 

15 30 -55.71 734.4 4.0 1323.4 132.6 2048.8 36.3 0.0489 -128.2 -119.2 0.5 

14 35 0.37 680.8 0.5 1497.4 25.7 2159.5 0.0 0.0000 -17.6 1.1 0.3 

14 33 -0.50 680.8 0.5 1435.1 6.7 2050.8 0.2 0.0002 -126.2 -61.2 0.0 

13 36 -0.57 643.8 0.0 1574.9 10.1 2217.0 0.0 0.0000 39.9 41.7 0.0 

13 35 0.27 643.8 0.0 1497.4 25.7 2122.0 0.0 0.0000 -55.0 -35.9 0.0 

12 37 1.02 626.2 23.6 1596.9 8.8 2221.7 0.1 0.0002 44.6 46.0 0.0 

12 36 1.27 626.2 23.6 1574.9 10.1 2198.6 0.4 0.0005 21.5 24.1 0.1 

12 35 -4.01 626.2 23.6 1497.4 25.7 2105.0 1.6 0.0022 -72.1 -53.5 0.1 

5 38 22.06 37.0 0.9 2177.1 742.4 2203.0 0.4 0.0006 25.9 37.0 0.6 

3 38 -5.23 91.7 3.8 2177.1 742.4 2258.8 0.6 0.0009 81.7 91.7 0.1 
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6-311++G(d,p)  

 

i j 
Kijk / 

cm-1 

ω(i)   / 

cm-1 

I(i) / km 

mol-1 

ω(j)   / 

cm-1 

I(j) / km 

mol-1 

ω(ij)   / 

cm-1 

I(ij) / km 

mol-1 

I(ij) / 

I(k) 
∆ω’ ∆ω TFR 

25 25 -31.23 1128.5 6.7 1128.5 6.7 2254.4 9.0 0.0122 76.2 78.7 0.397 

24 24 -1.33 1128.7 16.8 1128.7 16.8 2258.1 0.0 0.0000 79.9 79.1 0.017 

23 23 0.48 1055.6 4.6 1055.6 4.6 2094.4 0.0 0.0001 -83.8 -67.0 0.007 

24 25 -3.73 1128.7 16.8 1128.5 6.7 2256.2 0.2 0.0003 78.0 78.9 0.047 

23 27 0.61 1055.6 4.6 1204.2 4.1 2250.2 0.0 0.0001 72.0 81.6 0.008 

23 26 0.52 1055.6 4.6 1195.1 2.4 2243.1 0.0 0.0000 64.9 72.5 0.007 

23 25 0.76 1055.6 4.6 1128.5 6.7 2177.0 1.6 0.0022 -1.2 5.9 0.130 

22 28 0.78 1030.8 2.3 1282.1 37.4 2298.7 0.0 0.0000 120.5 134.7 0.006 

22 27 -0.26 1030.8 2.3 1204.2 4.1 2219.9 0.0 0.0000 41.7 56.8 0.005 

22 26 0.80 1030.8 2.3 1195.1 2.4 2210.8 0.5 0.0006 32.6 47.7 0.017 

22 25 2.50 1030.8 2.3 1128.5 6.7 2144.4 0.7 0.0010 -33.8 -19.0 0.132 

22 24 -0.52 1030.8 2.3 1128.7 16.8 2144.4 0.0 0.0000 -33.8 -18.8 0.028 

21 27 -0.22 981.1 0.2 1204.2 4.1 2191.9 0.1 0.0001 13.7 7.1 0.030 

21 26 -0.38 981.1 0.2 1195.1 2.4 2184.2 0.6 0.0007 6.0 -2.0 0.192 

19 30 0.83 928.7 1.4 1321.8 83.4 2252.2 0.0 0.0000 74.0 72.3 0.011 

19 26 -0.26 928.7 1.4 1195.1 2.4 2125.6 0.0 0.0000 -52.6 -54.4 0.005 

18 34 -1.35 832.6 4.4 1471.6 4.6 2272.3 0.0 0.0000 94.1 126.1 0.011 

18 32 -0.31 832.6 4.4 1396.9 2.1 2240.3 0.0 0.0000 62.1 51.4 0.006 

18 31 2.25 832.6 4.4 1392.0 0.5 2223.5 0.9 0.0012 45.3 46.4 0.049 

18 30 -48.73 832.6 4.4 1321.8 83.4 2140.1 249.2 0.3376 -38.2 -23.8 2.052 

18 29 -2.61 832.6 4.4 1319.7 55.6 2150.6 0.7 0.0010 -27.6 -25.8 0.101 

18 28 -6.45 832.6 4.4 1282.1 37.4 2114.0 1.1 0.0015 -64.2 -63.5 0.102 

17 33 0.22 833.4 39.8 1431.5 3.8 2273.7 0.0 0.0000 95.5 86.7 0.003 

17 31 -0.36 833.4 39.8 1392.0 0.5 2218.2 0.0 0.0000 40.0 47.2 0.008 

17 30 6.57 833.4 39.8 1321.8 83.4 2146.1 16.5 0.0223 -32.1 -23.0 0.286 

17 29 0.36 833.4 39.8 1319.7 55.6 2146.1 0.0 0.0000 -32.1 -25.1 0.014 

17 28 0.88 833.4 39.8 1282.1 37.4 2109.6 0.0 0.0000 -68.6 -62.7 0.014 

16 35 -0.50 794.0 9.8 1501.8 41.7 2301.5 0.0 0.0000 123.3 117.7 0.004 

16 31 -0.28 794.0 9.8 1392.0 0.5 2193.9 0.0 0.0000 15.7 7.8 0.036 

16 30 3.58 794.0 9.8 1321.8 83.4 2121.9 1.7 0.0024 -56.3 -62.3 0.057 

16 28 0.54 794.0 9.8 1282.1 37.4 2084.9 0.0 0.0000 -93.3 -102.0 0.005 

15 35 7.33 761.8 8.0 1501.8 41.7 2261.8 1.4 0.0019 83.6 85.4 0.086 

15 34 -1.35 761.8 8.0 1471.6 4.6 2202.7 0.2 0.0002 24.5 55.2 0.025 

15 31 2.91 761.8 8.0 1392.0 0.5 2155.2 1.3 0.0018 -23.1 -24.5 0.119 

15 30 -55.60 761.8 8.0 1321.8 83.4 2075.7 36.5 0.0495 -102.5 -94.6 0.588 

15 29 -2.48 761.8 8.0 1319.7 55.6 2081.5 0.0 0.0001 -96.7 -96.7 0.026 

14 35 0.31 686.6 0.4 1501.8 41.7 2185.8 0.0 0.0000 7.6 10.3 0.030 

14 33 0.49 686.6 0.4 1431.5 3.8 2134.4 0.2 0.0002 -43.9 -60.0 0.008 

13 36 0.61 645.7 0.0 1572.6 6.5 2218.5 0.0 0.0000 40.3 40.2 0.015 

13 35 0.36 645.7 0.0 1501.8 41.7 2145.4 0.0 0.0000 -32.8 -30.6 0.012 

13 34 -0.23 645.7 0.0 1471.6 4.6 2086.5 0.0 0.0000 -91.7 -60.8 0.004 

12 37 1.03 632.0 22.6 1608.4 2.1 2239.2 0.1 0.0002 61.0 62.2 0.017 

12 36 -1.29 632.0 22.6 1572.6 6.5 2204.0 0.4 0.0005 25.8 26.4 0.049 

12 35 -4.02 632.0 22.6 1501.8 41.7 2132.3 1.6 0.0022 -45.9 -44.4 0.091 

12 34 0.74 632.0 22.6 1471.6 4.6 2073.1 0.0 0.0000 -105.1 -74.6 0.010 
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6-311++G(df,pd)  

 

i j 
Kijk 

/ cm-1 

ω(i)   / 

cm-1 

I(i) / km 

mol-1 

ω(j)   / 

cm-1 

I(j) / km 

mol-1 

ω(ij)   / 

cm-1 

I(ij) / km 

mol-1 

I(ij) / 

I(k) 
∆ω’ ∆ω TFR 

25 25 -31.65 1128.0 4.2 1128.0 4.2 2254.9 8.4 0.0180 77.1 78.2 0.405 

24 24 -1.61 1119.5 12.4 1119.5 12.4 2241.9 0.0 0.0000 64.2 61.3 0.026 

23 23 0.46 1053.7 4.3 1053.7 4.3 2088.7 0.0 0.0001 -89.1 -70.4 0.007 

25 26 -11.16 1128.0 4.2 1170.7 0.6 2296.7 0.8 0.0018 118.9 120.8 0.092 

24 26 -1.48 1119.5 12.4 1170.7 0.6 2289.1 0.6 0.0012 111.4 112.4 0.013 

24 25 -4.77 1119.5 12.4 1128.0 4.2 2248.3 0.3 0.0007 70.6 69.7 0.068 

23 27 0.62 1053.7 4.3 1204.7 2.9 2246.8 0.0 0.0001 69.0 80.6 0.008 

23 26 0.50 1053.7 4.3 1170.7 0.6 2214.3 0.0 0.0000 36.6 46.5 0.011 

23 25 0.76 1053.7 4.3 1128.0 4.2 2174.6 137.7 0.2954 -3.2 3.9 0.198 

22 28 1.15 959.6 1.2 1281.6 35.8 2292.5 0.0 0.0000 114.7 63.4 0.018 

22 26 0.68 959.6 1.2 1170.7 0.6 2177.0 0.2 0.0004 -0.8 -47.6 0.014 

22 25 2.34 959.6 1.2 1128.0 4.2 2137.9 1.0 0.0021 -39.9 -90.2 0.026 

22 24 -0.48 959.6 1.2 1119.5 12.4 2129.4 0.0 0.0001 -48.4 -98.7 0.005 

21 30 -0.56 1030.8 1.6 1323.8 99.8 2300.4 0.0 0.0001 122.6 176.9 0.003 

21 29 -0.42 1030.8 1.6 1305.0 18.9 2277.8 0.0 0.0000 100.1 158.1 0.003 

21 27 -0.23 1030.8 1.6 1204.7 2.9 2179.2 0.1 0.0002 1.4 57.8 0.004 

21 26 -0.37 1030.8 1.6 1170.7 0.6 2143.8 227.8 0.4890 -34.0 23.7 0.016 

21 25 0.26 1030.8 1.6 1128.0 4.2 2106.2 0.0 0.0001 -71.6 -19.0 0.014 

19 30 0.80 911.7 3.9 1323.8 99.8 2254.5 0.0 0.0000 76.7 57.8 0.014 

19 26 -0.25 911.7 3.9 1170.7 0.6 2098.0 0.0 0.0000 -79.8 -95.4 0.003 

18 34 -0.93 828.5 36.5 1466.2 9.1 2266.0 0.0 0.0000 88.2 116.9 0.008 

18 33 0.30 828.5 36.5 1420.5 4.2 2256.9 0.0 0.0000 79.2 71.3 0.004 

18 32 -0.40 828.5 36.5 1392.8 1.5 2244.9 0.0 0.0001 67.1 43.6 0.009 

18 31 1.87 828.5 36.5 1366.5 4.7 2211.9 0.5 0.0011 34.1 17.2 0.109 

18 30 -36.63 828.5 36.5 1323.8 99.8 2141.7 216.4 0.4643 -36.1 -25.5 1.439 

18 29 -2.35 828.5 36.5 1305.0 18.9 2136.7 1.1 0.0023 -41.0 -44.2 0.053 

18 28 -4.43 828.5 36.5 1281.6 35.8 2117.4 0.6 0.0013 -60.3 -67.7 0.065 

17 34 0.77 846.4 3.5 1466.2 9.1 2263.0 0.0 0.0000 85.2 134.9 0.006 

17 32 0.27 846.4 3.5 1392.8 1.5 2242.4 0.0 0.0001 64.6 61.5 0.004 

17 31 -1.73 846.4 3.5 1366.5 4.7 2209.2 0.4 0.0009 31.5 35.1 0.049 

17 30 32.43 846.4 3.5 1323.8 99.8 2154.5 3.5 0.0075 -23.2 -7.5 4.302 

17 29 2.10 846.4 3.5 1305.0 18.9 2134.1 0.8 0.0017 -43.6 -26.3 0.080 

17 28 3.93 846.4 3.5 1281.6 35.8 2115.0 0.4 0.0009 -62.8 -49.7 0.079 

16 35 -0.53 784.9 11.3 1498.9 85.5 2284.2 0.0 0.0000 106.5 106.0 0.005 

16 31 -0.33 784.9 11.3 1366.5 4.7 2165.6 0.0 0.0000 -12.1 -26.4 0.013 

16 30 4.12 784.9 11.3 1323.8 99.8 2111.2 5.4 0.0117 -66.6 -69.1 0.060 

16 28 0.56 784.9 11.3 1281.6 35.8 2073.2 0.0 0.0000 -104.6 -111.3 0.005 

15 35 7.21 753.2 10.1 1498.9 85.5 2253.7 1.2 0.0026 76.0 74.4 0.097 

15 34 -1.20 753.2 10.1 1466.2 9.1 2189.1 0.1 0.0003 11.3 41.7 0.029 

15 31 3.26 753.2 10.1 1366.5 4.7 2136.5 1.9 0.0041 -41.3 -58.1 0.056 

15 30 -56.11 753.2 10.1 1323.8 99.8 2072.8 42.5 0.0913 -104.9 -100.8 0.557 

15 29 -3.03 753.2 10.1 1305.0 18.9 2059.7 0.1 0.0002 -118.0 -119.5 0.025 

14 35 0.29 695.3 0.1 1498.9 85.5 2190.9 0.0 0.0000 13.2 16.5 0.017 

14 33 0.49 695.3 0.1 1420.5 4.2 2118.3 0.2 0.0005 -59.5 -61.9 0.008 

13 36 -0.59 647.1 0.1 1571.5 3.8 2218.3 0.0 0.0000 40.6 40.8 0.015 

13 35 0.36 647.1 0.1 1498.9 85.5 2142.8 0.0 0.0000 -35.0 -31.7 0.011 

12 37 1.04 630.9 23.4 1608.5 4.1 2235.6 0.1 0.0003 57.9 61.6 0.017 

12 36 1.19 630.9 23.4 1571.5 3.8 2201.4 0.3 0.0006 23.6 24.6 0.048 

12 35 -3.93 630.9 23.4 1498.9 85.5 2127.2 2.0 0.0044 -50.6 -48.0 0.082 

12 34 0.69 630.9 23.4 1466.2 9.1 2063.1 0.0 0.0000 -114.7 -80.7 0.009 

3 38 -5.29 125.4 0.7 2177.8 466.0 2289.6 0.7 0.0014 111.9 125.4 0.042 
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APPENDIX C 

VIBRATIONAL MODES OF 4-AZIDOACETANILIDE THAT OCCUR WITHIN ±130 CM-1 

FROM THE FUNDAMENTAL VIBRATION FOR SEVEN BASIS SETS IN NNDMA 

 

i, j, k : vibrational modes ; where k = 49 (azide asymmetric stretch)  

i = j → overtone & i ≠ j → combination band 

Kijk : cubic force constant 

TFR : third-order Fermi resonance  

ω(i), ω(j), ω(k) : anharmonic frequencies of i, j & k th mode  

ω(ij) : anharmonic frequency of ij th mode 

I(i), I(j), I(k) : anharmonic intensities of i, j & k th mode  

I(ij) : anharmonic intensity of ij th mode 

∆ω’ : ω(ij) - ω(k)   

∆ω : ω(i) + ω(j) - ω(k)   

 

6-31G(d,p)  

i j 
Kijk 

/ cm-1 

ω(i)   / 

cm-1 

I(i) / km 

mol-1 

ω(j)   / 

cm-1 

I(j) / km 

mol-1 

ω(ij)   

/ cm-1 

I(ij) / km 

mol-1 

I(ij) / 

I(k) 
∆ω’ ∆ω TFR 

33 33 -35.89 1138.1 8.1 1138.1 8.1 2261.8 11.7 0.0204 66.7 81 0.443 

32 32 -0.93 1095.2 22.9 1095.2 22.9 2206.7 0.0 0.0000 11.6 -4.6 0.202 

33 34 -13.97 1138.1 8.1 1163.1 5.7 2294.6 1.6 0.0027 99.5 106.1 0.132 

32 34 -1.09 1095.2 22.9 1163.1 5.7 2265.7 0.5 0.0008 70.6 63.3 0.017 

32 33 -4.89 1095.2 22.9 1138.1 8.1 2234.2 0.4 0.0007 39.1 38.2 0.128 

31 35 -0.22 1033.5 10.4 1224.3 10.0 2259.7 0.0 0.0001 64.6 62.7 0.003 

31 34 -0.25 1033.5 10.4 1163.1 5.7 2193.7 0.0 0.0000 -1.4 1.5 0.165 

30 36 -0.63 1019.2 28.3 1276.4 77.3 2292.4 0.3 0.0006 97.3 100.4 0.006 

30 35 -0.69 1019.2 28.3 1224.3 10.0 2244.5 0.1 0.0002 49.4 48.3 0.014 

30 34 0.72 1019.2 28.3 1163.1 5.7 2179 4.1 0.0070 -16.1 -12.8 0.056 

30 33 3.19 1019.2 28.3 1138.1 8.1 2147.9 0.8 0.0014 -47.2 -37.9 0.084 

30 32 -0.44 1019.2 28.3 1095.2 22.9 2118.6 0.0 0.0000 -76.5 -80.7 0.005 

29 36 -1.03 1008.1 0.1 1276.4 77.3 2287.4 0.1 0.0002 92.3 89.4 0.012 
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i j 
Kijk 

/ cm-1 
ω(i)   / 

cm-1 
I(i) / km 

mol-1 
ω(j)   / 

cm-1 
I(j) / km 

mol-1 
ω(ij)   

/ cm-1 
I(ij) / km 

mol-1 
I(ij) / 

I(k) 
∆ω’ ∆ω TFR 

29 34 0.82 1008.1 0.1 1163.1 5.7 2173.7 3.5 0.0060 -21.4 -23.9 0.034 

29 33 2.32 1008.1 0.1 1138.1 8.1 2143.2 0.3 0.0004 -51.9 -48.9 0.047 

29 32 -0.61 1008.1 0.1 1095.2 22.9 2113.2 0.0 0.0001 -81.9 -91.8 0.007 

28 39 1.67 925.2 5.1 1332.9 8.7 2259.1 0.1 0.0001 64.0 63.0 0.027 

28 38 0.37 925.2 5.1 1316.3 39.3 2250 0.0 0.0000 54.9 46.4 0.008 

28 36 0.54 925.2 5.1 1276.4 77.3 2205.4 0.0 0.0000 10.3 6.5 0.083 

28 35 0.27 925.2 5.1 1224.3 10.0 2156.6 0.0 0.0001 -38.5 -45.6 0.006 

28 34 -0.36 925.2 5.1 1163.1 5.7 2091.6 0.0 0.0000 -103.5 -106.8 0.003 

27 39 -0.27 899.1 1.5 1332.9 8.7 2237.2 0.0 0.0000 42.1 37.0 0.007 

27 35 0.30 899.1 1.5 1224.3 10.0 2134.9 0.1 0.0001 -60.2 -71.7 0.004 

26 42 -0.23 935.5 8.1 1352.9 28.0 2298.4 0.0 0.0000 103.3 93.3 0.002 

26 39 -4.84 935.5 8.1 1332.9 8.7 2257 1.0 0.0017 61.9 73.3 0.066 

26 38 -1.73 935.5 8.1 1316.3 39.3 2245.1 0.1 0.0002 50.0 56.7 0.031 

26 37 0.88 935.5 8.1 1320.2 41.5 2239.2 0.1 0.0002 44.1 60.7 0.014 

26 36 -0.37 935.5 8.1 1276.4 77.3 2202.3 0.1 0.0001 7.2 16.8 0.022 

26 35 0.41 935.5 8.1 1224.3 10.0 2155.6 0.6 0.0011 -39.5 -35.3 0.012 

26 34 0.51 935.5 8.1 1163.1 5.7 2088.7 0.1 0.0001 -106.4 -96.5 0.005 

25 44 -1.14 834 7.0 1466.4 40.4 2277.9 0.0 0.0001 82.8 105.3 0.011 

25 42 -0.22 834 7.0 1352.9 28.0 2190.2 0.0 0.0000 -4.9 -8.3 0.026 

25 41 -1.05 834 7.0 1411.8 2.2 2228.7 0.0 0.0000 33.6 50.7 0.021 

25 40 0.79 834 7.0 1366.8 95.0 2182.9 0.1 0.0002 -12.2 5.7 0.139 

25 39 -9.97 834 7.0 1332.9 8.7 2147.6 44.2 0.0768 -47.5 -28.2 0.354 

25 38 -1.79 834 7.0 1316.3 39.3 2137.6 0.1 0.0002 -57.5 -44.8 0.04 

25 36 -1.53 834 7.0 1276.4 77.3 2095.3 0.0 0.0000 -99.8 -84.7 0.018 

24 44 4.14 802.7 9.9 1466.4 40.4 2271.7 0.2 0.0003 76.6 74.1 0.056 

24 43 -0.51 802.7 9.9 1439.9 2.6 2245.5 0.0 0.0000 50.4 47.5 0.011 

24 42 0.80 802.7 9.9 1352.9 28.0 2184.2 0.0 0.0000 -10.9 -39.5 0.02 

24 41 4.37 802.7 9.9 1411.8 2.2 2223.3 1.8 0.0031 28.2 19.5 0.224 

24 40 -3.10 802.7 9.9 1366.8 95.0 2179.2 111.8 0.1941 -15.9 -25.5 0.121 

24 39 51.38 802.7 9.9 1332.9 8.7 2134.2 44.1 0.0765 -60.9 -59.4 0.865 

24 38 10.33 802.7 9.9 1316.3 39.3 2132 2.2 0.0039 -63.1 -76.1 0.136 

24 37 -0.78 802.7 9.9 1320.2 41.5 2126 0.0 0.0000 -69.1 -72.1 0.011 

24 36 9.23 802.7 9.9 1276.4 77.3 2088.6 0.8 0.0014 -106.5 -116.0 0.08 

23 45 0.52 772.5 1.2 1507.3 120.2 2273.3 0.0 0.0000 78.2 84.7 0.006 

23 44 -0.34 772.5 1.2 1466.4 40.4 2233.7 0.0 0.0000 38.6 43.8 0.008 

23 40 0.31 772.5 1.2 1366.8 95.0 2138.6 39.8 0.0690 -56.5 -55.8 0.006 

23 39 -4.55 772.5 1.2 1332.9 8.7 2104 1.6 0.0028 -91.1 -89.7 0.051 

23 38 -1.15 772.5 1.2 1316.3 39.3 2095.5 0.0 0.0000 -99.6 -106.3 0.011 

22 45 5.20 754.6 11.6 1507.3 120.2 2262.9 0.3 0.0006 67.8 66.8 0.078 

22 44 -2.12 754.6 11.6 1466.4 40.4 2221.6 1.6 0.0027 26.5 25.9 0.082 

22 43 0.33 754.6 11.6 1439.9 2.6 2194.8 0.1 0.0001 -0.3 -0.7 0.486 

22 42 -0.41 754.6 11.6 1352.9 28.0 2134.6 0.1 0.0003 -60.5 -87.7 0.005 

22 41 -2.31 754.6 11.6 1411.8 2.2 2173.2 1.5 0.0026 -21.9 -28.7 0.08 

22 40 1.43 754.6 11.6 1366.8 95.0 2125.7 0.3 0.0005 -69.4 -73.7 0.019 

22 39 -36.17 754.6 11.6 1332.9 8.7 2090.1 14.1 0.0245 -105.0 -107.6 0.336 

21 46 -1.06 707.9 12.7 1591.1 1.4 2297.7 0.0 0.0000 102.6 103.9 0.01 

21 45 -3.03 707.9 12.7 1507.3 120.2 2207.9 1.4 0.0024 12.8 20.1 0.151 
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i j 
Kijk 

/ cm-1 
ω(i)   / 

cm-1 
I(i) / km 

mol-1 
ω(j)   / 

cm-1 
I(j) / km 

mol-1 
ω(ij)   

/ cm-1 
I(ij) / km 

mol-1 
I(ij) / 

I(k) 
∆ω’ ∆ω TFR 

21 44 2.07 707.9 12.7 1466.4 40.4 2168.3 1.1 0.0019 -26.8 -20.8 0.1 

21 43 -0.42 707.9 12.7 1439.9 2.6 2141.7 0.1 0.0001 -53.4 -47.3 0.009 

21 41 1.28 707.9 12.7 1411.8 2.2 2118.5 0.0 0.0000 -76.6 -75.4 0.017 

20 47 1.16 676.3 4.2 1612.4 2.2 2288 0.0 0.0000 92.9 93.6 0.012 

20 46 -1.58 676.3 4.2 1591.1 1.4 2267.6 0.1 0.0001 72.5 72.3 0.022 

20 45 -4.91 676.3 4.2 1507.3 120.2 2177.5 207.2 0.3599 -17.6 -11.5 0.427 

20 44 2.92 676.3 4.2 1466.4 40.4 2135.8 0.3 0.0005 -59.3 -52.4 0.056 

20 43 -0.39 676.3 4.2 1439.9 2.6 2109.3 0.0 0.0000 -85.8 -79.0 0.005 

20 41 1.34 676.3 4.2 1411.8 2.2 2087.1 0.0 0.0000 -108.0 -107.0 0.013 

19 47 0.36 642.2 2.3 1612.4 2.2 2261.2 0.0 0.0000 66.1 59.5 0.006 

19 46 0.70 642.2 2.3 1591.1 1.4 2241.6 0.1 0.0001 46.5 38.2 0.018 

19 45 1.34 642.2 2.3 1507.3 120.2 2151.1 0.1 0.0002 -44.0 -45.6 0.029 

19 44 -0.98 642.2 2.3 1466.4 40.4 2110.1 0.2 0.0003 -85.0 -86.5 0.011 

18 47 1.00 673.4 138.8 1612.4 2.2 2276.2 0.0 0.0001 81.1 90.7 0.011 

18 44 0.65 673.4 138.8 1466.4 40.4 2124.3 0.1 0.0001 -70.8 -55.3 0.012 

18 43 -0.28 673.4 138.8 1439.9 2.6 2097.2 0.0 0.0000 -97.9 -81.8 0.003 

17 47 -0.40 542.4 7.0 1612.4 2.2 2151.4 0.3 0.0005 -43.7 -40.3 0.01 

16 48 0.35 565.5 7.3 1711.8 1.6 2251.5 0.0 0.0000 56.4 82.2 0.004 

16 47 0.89 565.5 7.3 1612.4 2.2 2153 0.1 0.0002 -42.1 -17.2 0.052 

16 46 -0.25 565.5 7.3 1591.1 1.4 2131.5 0.0 0.0000 -63.6 -38.5 0.007 

15 48 0.40 522.8 9.9 1711.8 1.6 2244.9 0.0 0.0000 49.8 39.5 0.01 

15 47 0.54 522.8 9.9 1612.4 2.2 2146 0.1 0.0002 -49.1 -59.9 0.009 

14 48 0.79 531.9 33.4 1711.8 1.6 2245.4 0.1 0.0002 50.3 48.6 0.016 

14 47 1.97 531.9 33.4 1612.4 2.2 2145.6 1.3 0.0023 -49.5 -50.8 0.039 

14 46 0.34 531.9 33.4 1591.1 1.4 2123.9 0.0 0.0000 -71.2 -72.1 0.005 

13 48 0.34 484.7 12.0 1711.8 1.6 2203.8 0.2 0.0003 8.7 1.4 0.241 

13 47 0.81 484.7 12.0 1612.4 2.2 2107 0.2 0.0004 -88.1 -98.0 0.008 

12 48 0.27 413.3 5.8 1711.8 1.6 2117.3 0.0 0.0000 -77.8 -70.0 0.004 

10 48 0.40 377 2.7 1711.8 1.6 2087.5 0.0 0.0001 -107.6 -106.3 0.004 

3 49 -0.56 50.2 1.1 2195.1 575.9 2264.5 0.6 0.0010 69.4 50.2 0.011 

2 49 -0.92 -14.4 5.9 2195.1 575.9 2173.9 0.2 0.0003 -21.2 -14.4 0.064 

 

 

6-31+G(d,p)  

 

i j 
Kijk 

/ cm-1 

ω(i)   / 

cm-1 

I(i) / km 

mol-1 

ω(j)   / 

cm-1 

I(j) / km 

mol-1 

ω(ij)   / 

cm-1 

I(ij) / km 

mol-1 

I(ij) / 

I(k) 
∆ω’ ∆ω TFR 

33 33 -36.68 1131.4 15.0 1131.4 15.0 2262.7 12.8 0.0 81.8 82 0.447 

32 32 -1.09 1094.2 7.6 1094.2 7.6 2222.1 0.0 0.0 41.3 7.6 0.144 

33 34 -13.01 1131.4 15.0 1171.5 0.4 2285.9 1.4 0.0 105 122.1 0.107 

32 34 -0.98 1094.2 7.6 1171.5 0.4 2262.6 0.6 0.0 81.7 84.9 0.012 

32 33 -4.51 1094.2 7.6 1131.4 15.0 2242.6 0.3 0.0 61.8 44.8 0.101 

31 35 -0.26 1031.6 8.6 1220.7 33.8 2250.2 0.0 0.0 69.3 71.4 0.004 

31 34 -0.24 1031.6 8.6 1171.5 0.4 2184.9 0.0 0.0 4 22.2 0.011 

30 35 -0.60 1017.2 15.0 1220.7 33.8 2235.2 0.2 0.0 54.3 57 0.010 

30 33 0.99 1017.2 15.0 1131.4 15.0 2148.2 0.2 0.0 -32.7 -32.3 0.031 

29 35 -0.34 1003.4 17.6 1220.7 33.8 2221.6 0.0 0.0 40.7 43.3 0.008 



 

145 

 

 

i j 
Kijk 

/ cm-1 
ω(i)   / 

cm-1 
I(i) / km 

mol-1 
ω(j)   / 

cm-1 
I(j) / km 

mol-1 
ω(ij)   / 

cm-1 
I(ij) / km 

mol-1 
I(ij) / 

I(k) 
∆ω’ ∆ω TFR 

29 34 0.79 1003.4 17.6 1171.5 0.4 2153.9 2.1 0.0 -27.0 -5.9 0.133 

29 33 3.67 1003.4 17.6 1131.4 15.0 2134.4 1.4 0.0 -46.5 -46.0 0.080 

29 32 -0.81 1003.4 17.6 1094.2 7.6 2110.9 0.0 0.0 -69.9 -83.2 0.010 

28 39 -1.59 944.3 0.6 1324.2 9.5 2265.9 0.0 0.0 85.0 87.6 0.018 

28 38 -0.63 944.3 0.6 1312.6 47.0 2254.9 0.0 0.0 74.0 76.0 0.008 

28 37 -0.33 944.3 0.6 1304.9 1.3 2241.9 0.0 0.0 61.1 68.2 0.005 

28 36 -0.28 944.3 0.6 1293.8 0.3 2238.3 0.0 0.0 57.4 57.1 0.005 

28 35 -0.30 944.3 0.6 1220.7 33.8 2160.8 20.9 0.0 -20.1 -15.9 0.019 

28 34 0.36 944.3 0.6 1171.5 0.4 2094.1 0.0 0.0 -86.8 -65.1 0.006 

28 33 0.75 944.3 0.6 1131.4 15.0 2073.8 0.0 0.0 -107.1 -105.2 0.007 

27 35 0.31 919.4 1.1 1220.7 33.8 2141.9 0.1 0.0 -39.0 -40.8 0.008 

26 40 -0.22 903.7 2.4 1359.7 63.3 2263.9 0.4 0.0 83.0 82.5 0.003 

26 39 -3.89 903.7 2.4 1324.2 9.5 2230.5 0.6 0.0 49.6 47.0 0.083 

26 38 -2.09 903.7 2.4 1312.6 47.0 2217.2 0.0 0.0 36.3 35.4 0.059 

26 37 -0.35 903.7 2.4 1304.9 1.3 2206.5 0.2 0.0 25.6 27.7 0.013 

26 36 0.40 903.7 2.4 1293.8 0.3 2202.7 0.0 0.0 21.8 16.6 0.024 

26 35 0.51 903.7 2.4 1220.7 33.8 2123.7 0.7 0.0 -57.2 -56.4 0.009 

25 44 -1.28 835.9 3.5 1423.7 16.9 2254.1 0.1 0.0 73.2 78.7 0.016 

25 41 -0.95 835.9 3.5 1394.6 14.2 2229.9 0.0 0.0 49.0 49.7 0.019 

25 40 0.86 835.9 3.5 1359.7 63.3 2187.2 0.1 0.0 6.3 14.7 0.058 

25 39 -9.87 835.9 3.5 1324.2 9.5 2152.6 8.3 0.0 -28.3 -20.8 0.476 

25 38 -3.02 835.9 3.5 1312.6 47.0 2140.0 2.0 0.0 -40.9 -32.3 0.093 

25 37 -1.20 835.9 3.5 1304.9 1.3 2130.0 0.1 0.0 -50.9 -40.1 0.030 

25 36 -0.93 835.9 3.5 1293.8 0.3 2127.0 0.0 0.0 -53.9 -51.2 0.018 

24 44 3.97 808.9 7.7 1423.7 16.9 2236.0 0.2 0.0 55.1 51.7 0.077 

24 43 -0.22 808.9 7.7 1436.3 22.1 2250.6 0.0 0.0 69.7 64.3 0.003 

24 42 0.60 808.9 7.7 1466.0 37.0 2268.7 0.0 0.0 87.8 94.0 0.006 

24 41 3.57 808.9 7.7 1394.6 14.2 2212.2 0.9 0.0 31.3 22.6 0.158 

24 40 -3.18 808.9 7.7 1359.7 63.3 2170.3 6.1 0.0 -10.5 -12.3 0.258 

24 39 48.86 808.9 7.7 1324.2 9.5 2127.7 102.3 0.1 -53.2 -47.8 1.023 

24 38 16.49 808.9 7.7 1312.6 47.0 2122.8 18.7 0.0 -58.1 -59.4 0.278 

24 37 6.37 808.9 7.7 1304.9 1.3 2111.3 1.0 0.0 -69.6 -67.1 0.095 

24 36 5.72 808.9 7.7 1293.8 0.3 2107.4 0.9 0.0 -73.4 -78.2 0.073 

23 45 -0.73 785.5 3.5 1501.0 54.4 2280.9 0.0 0.0 100.0 105.6 0.007 

23 44 0.41 785.5 3.5 1423.7 16.9 2207.3 0.0 0.0 26.4 28.3 0.015 

23 41 0.60 785.5 3.5 1394.6 14.2 2184.8 0.1 0.0 3.9 -0.8 0.793 

23 40 -0.31 785.5 3.5 1359.7 63.3 2142.0 0.4 0.0 -38.9 -35.7 0.009 

23 39 5.60 785.5 3.5 1324.2 9.5 2107.4 4.7 0.0 -73.5 -71.2 0.079 

23 38 1.72 785.5 3.5 1312.6 47.0 2096.1 0.2 0.0 -84.8 -82.8 0.021 

23 37 0.97 785.5 3.5 1304.9 1.3 2084.8 0.1 0.0 -96.1 -90.5 0.011 

23 36 0.82 785.5 3.5 1293.8 0.3 2080.6 0.0 0.0 -100.2 -101.6 0.008 

22 45 4.93 756.8 11.7 1501.0 54.4 2262.4 0.3 0.0 81.5 76.9 0.064 

22 44 -2.11 756.8 11.7 1423.7 16.9 2188.8 1.4 0.0 7.9 -0.4 5.334 

22 43 0.24 756.8 11.7 1436.3 22.1 2202.8 0.0 0.0 21.9 12.2 0.020 

22 42 -0.31 756.8 11.7 1466.0 37.0 2220.4 0.1 0.0 39.5 41.9 0.008 

22 41 -1.88 756.8 11.7 1394.6 14.2 2164.8 30.1 0.0 -16.1 -29.5 0.064 

22 40 1.56 756.8 11.7 1359.7 63.3 2120.5 0.3 0.0 -60.3 -64.4 0.024 

22 39 -35.47 756.8 11.7 1324.2 9.5 2085.1 23.0 0.0 -95.8 -99.9 0.355 

22 38 -12.72 756.8 11.7 1312.6 47.0 2075.8 4.7 0.0 -105.1 -111.5 0.114 
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i j 
Kijk 

/ cm-1 
ω(i)   / 

cm-1 
I(i) / km 

mol-1 
ω(j)   / 

cm-1 
I(j) / km 

mol-1 
ω(ij)   / 

cm-1 
I(ij) / km 

mol-1 
I(ij) / 

I(k) 
∆ω’ ∆ω TFR 

21 45 -3.12 708.3 13.1 1501.0 54.4 2205.8 1.2 0.0 24.9 28.4 0.110 

21 44 2.28 708.3 13.1 1423.7 16.9 2134.0 3.6 0.0 -46.9 -48.9 0.047 

21 43 -0.37 708.3 13.1 1436.3 22.1 2147.7 0.1 0.0 -33.1 -36.3 0.010 

21 42 0.29 708.3 13.1 1466.0 37.0 2165.5 0.0 0.0 -15.4 -6.6 0.045 

21 41 1.02 708.3 13.1 1394.6 14.2 2109.4 0.0 0.0 -71.4 -78.0 0.013 

20 47 1.05 678.0 25.2 1602.8 4.7 2279.1 0.0 0.0 98.2 99.9 0.011 

20 46 1.76 678.0 25.2 1586.6 5.3 2262.4 0.1 0.0 81.6 83.7 0.021 

20 45 -4.66 678.0 25.2 1501.0 54.4 2173.4 39.6 0.0 -7.5 -1.9 2.511 

20 44 2.82 678.0 25.2 1423.7 16.9 2100.6 0.5 0.0 -80.3 -79.2 0.036 

20 42 0.38 678.0 25.2 1466.0 37.0 2132.5 0.0 0.0 -48.4 -36.9 0.010 

20 41 0.70 678.0 25.2 1394.6 14.2 2076.1 0.0 0.0 -104.8 -108.3 0.006 

19 47 0.30 641.3 4.2 1602.8 4.7 2254.3 0.0 0.0 73.4 63.2 0.005 

19 46 -0.84 641.3 4.2 1586.6 5.3 2238.4 0.1 0.0 57.5 47.1 0.018 

19 45 1.41 641.3 4.2 1501.0 54.4 2150.0 0.2 0.0 -30.9 -38.5 0.037 

19 44 -1.00 641.3 4.2 1423.7 16.9 2077.5 0.2 0.0 -103.4 -115.9 0.009 

18 47 0.96 666.0 100.3 1602.8 4.7 2262.2 0.0 0.0 81.3 87.9 0.011 

18 46 0.23 666.0 100.3 1586.6 5.3 2245.0 0.0 0.0 64.2 71.7 0.003 

18 44 0.67 666.0 100.3 1423.7 16.9 2082.1 0.1 0.0 -98.8 -91.2 0.007 

18 43 -0.28 666.0 100.3 1436.3 22.1 2096.9 0.0 0.0 -83.9 -78.6 0.004 

18 42 0.30 666.0 100.3 1466.0 37.0 2115.2 0.0 0.0 -65.7 -48.9 0.006 

17 48 -0.33 545.1 10.2 1645.2 100.3 2182.8 0.0 0.0 1.9 9.3 0.035 

17 47 -0.58 545.1 10.2 1602.8 4.7 2140.5 0.7 0.0 -40.4 -33.1 0.018 

16 48 0.39 571.2 23.0 1645.2 100.3 2186.3 2.2 0.0 5.4 35.5 0.011 

16 47 0.88 571.2 23.0 1602.8 4.7 2144.6 0.1 0.0 -36.3 -6.9 0.127 

16 46 0.31 571.2 23.0 1586.6 5.3 2126.7 0.0 0.0 -54.2 -23.1 0.013 

15 48 0.41 511.6 4.8 1645.2 100.3 2170.3 0.7 0.0 -10.6 -24.2 0.017 

15 47 0.52 511.6 4.8 1602.8 4.7 2127.9 0.1 0.0 -53.0 -66.5 0.008 

14 48 0.88 519.5 18.3 1645.2 100.3 2179.2 0.6 0.0 -1.6 -16.2 0.055 

14 47 2.44 519.5 18.3 1602.8 4.7 2136.6 2.1 0.0 -44.3 -58.6 0.042 

13 47 -0.50 484.9 10.0 1602.8 4.7 2100.3 0.1 0.0 -80.6 -93.3 0.005 

5 49 -6.92 113.8 1.5 2180.9 858.6 2286.1 0.4 0.0 105.2 113.8 0.061 

3 49 -0.75 68.6 5.2 2180.9 858.6 2237.6 0.7 0.0 56.8 68.6 0.011 

2 49 -1.17 14.6 0.5 2180.9 858.6 2219.8 0.3 0.0 39.0 14.6 0.080 

1 49 -1.30 160.2 3.0 2180.9 858.6 2257.8 1.6 0.0 77.0 160.2 0.008 

 

 

6-31++G(d,p)  

 

i j 
Kijk 

/ cm-1 

ω(i)   / 

cm-1 

I(i) / km 

mol-1 

ω(j)   / 

cm-1 

I(j) / km 

mol-1 

ω(ij)   / 

cm-1 

I(ij) / 

km mol-1 

I(ij) / 

I(k) 
∆ω’ ∆ω TFR 

33 33 -36.66 1131.4 11.0 1131.4 11.0 2263.1 12.8 0.0148 81.3 81.0 0.452 

32 32 -1.10 1096.3 9.8 1096.3 9.8 2218.3 0.0 0.0000 36.6 10.9 0.101 

33 34 -13.10 1131.4 11.0 1171.9 2.0 2290.1 1.4 0.0016 108.4 121.5 0.108 

32 34 -1.00 1096.3 9.8 1171.9 2.0 2264.8 0.6 0.0007 83.1 86.5 0.012 

32 33 -4.54 1096.3 9.8 1131.4 11.0 2240.9 0.3 0.0004 59.2 45.9 0.099 

31 35 -0.26 1031.8 1.4 1223.6 38.3 2253.1 0.0 0.0000 71.3 73.7 0.004 
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i j 
Kijk 

/ cm-1 
ω(i)   / 

cm-1 
I(i) / km 

mol-1 
ω(j)   / 

cm-1 
I(j) / km 

mol-1 
ω(ij)   / 

cm-1 
I(ij) / 

km mol-1 
I(ij) / 

I(k) 
∆ω’ ∆ω TFR 

31 34 -0.24 1031.8 1.4 1171.9 2.0 2189.3 0.0 0.0000 7.5 21.9 0.011 

30 35 -0.60 1017.4 15.6 1223.6 38.3 2238.0 0.2 0.0002 56.3 59.3 0.010 

30 33 1.04 1017.4 15.6 1131.4 11.0 2148.6 0.2 0.0002 -33.2 -32.9 0.032 

29 35 -0.31 1007.1 1.2 1223.6 38.3 2228.9 0.0 0.0000 47.2 49.0 0.006 

29 34 0.79 1007.1 1.2 1171.9 2.0 2163.0 2.0 0.0023 -18.7 -2.8 0.285 

29 33 3.64 1007.1 1.2 1131.4 11.0 2139.0 1.4 0.0016 -42.7 -43.3 0.084 

29 32 -0.81 1007.1 1.2 1096.3 9.8 2113.7 0.0 0.0001 -68.0 -78.4 0.010 

28 39 -1.60 944.2 0.7 1323.7 15.3 2265.3 0.0 0.0001 83.5 86.2 0.019 

28 38 -0.62 944.2 0.7 1313.5 99.8 2254.5 0.0 0.0000 72.8 76.0 0.008 

28 37 -0.31 944.2 0.7 1303.2 2.4 2241.5 0.0 0.0000 59.8 65.7 0.005 

28 36 -0.31 944.2 0.7 1296.8 33.6 2236.8 0.0 0.0000 55.1 59.3 0.005 

28 35 -0.31 944.2 0.7 1223.6 38.3 2162.2 22.9 0.0263 -19.6 -13.9 0.022 

28 34 0.36 944.2 0.7 1171.9 2.0 2096.9 0.0 0.0000 -84.8 -65.7 0.005 

28 33 0.76 944.2 0.7 1131.4 11.0 2072.6 0.0 0.0000 -109.1 -106.2 0.007 

27 39 -0.24 916.9 1.8 1323.7 15.3 2244.9 0.0 0.0000 63.1 58.9 0.004 

27 38 -0.20 916.9 1.8 1313.5 99.8 2233.6 0.0 0.0000 51.9 48.7 0.004 

27 35 0.30 916.9 1.8 1223.6 38.3 2141.5 0.1 0.0002 -40.2 -41.1 0.007 

26 40 -0.22 899.1 2.3 1359.9 42.7 2261.8 0.4 0.0004 80.1 77.3 0.003 

26 39 -3.85 899.1 2.3 1323.7 15.3 2228.8 0.6 0.0006 47.1 41.1 0.094 

26 38 -2.08 899.1 2.3 1313.5 99.8 2215.7 0.0 0.0000 34.0 30.9 0.067 

26 37 -0.40 899.1 2.3 1303.2 2.4 2204.9 0.2 0.0002 23.2 20.6 0.019 

26 36 0.37 899.1 2.3 1296.8 33.6 2200.2 0.0 0.0000 18.5 14.2 0.026 

26 35 0.51 899.1 2.3 1223.6 38.3 2124.0 0.7 0.0008 -57.7 -58.9 0.009 

25 44 -1.26 834.3 5.6 1426.3 15.1 2253.6 0.1 0.0001 71.9 78.9 0.016 

25 41 -0.92 834.3 5.6 1394.0 15.6 2228.0 0.0 0.0000 46.3 46.7 0.020 

25 40 0.83 834.3 5.6 1359.9 42.7 2185.9 0.1 0.0001 4.2 12.5 0.066 

25 39 -9.54 834.3 5.6 1323.7 15.3 2151.7 6.3 0.0073 -30.1 -23.7 0.403 

25 38 -2.89 834.3 5.6 1313.5 99.8 2139.5 1.9 0.0022 -42.2 -33.9 0.085 

25 37 -1.10 834.3 5.6 1303.2 2.4 2129.3 0.1 0.0001 -52.5 -44.2 0.025 

25 36 -1.00 834.3 5.6 1296.8 33.6 2125.0 0.0 0.0000 -56.7 -50.6 0.020 

24 44 3.98 811.0 7.9 1426.3 15.1 2237.8 0.2 0.0002 56.1 55.6 0.072 

24 43 -0.21 811.0 7.9 1439.7 13.5 2253.4 0.0 0.0000 71.7 69.0 0.003 

24 42 0.60 811.0 7.9 1462.1 37.1 2266.3 0.0 0.0000 84.6 91.3 0.007 

24 41 3.57 811.0 7.9 1394.0 15.6 2212.7 0.9 0.0011 31.0 23.3 0.153 

24 40 -3.16 811.0 7.9 1359.9 42.7 2171.2 5.9 0.0068 -10.5 -10.9 0.290 

24 39 48.86 811.0 7.9 1323.7 15.3 2129.0 104.0 0.1198 -52.8 -47.0 1.039 

24 38 16.37 811.0 7.9 1313.5 99.8 2124.4 18.4 0.0212 -57.4 -57.2 0.286 

24 37 5.96 811.0 7.9 1303.2 2.4 2112.9 0.9 0.0010 -68.8 -67.5 0.088 

24 36 6.27 811.0 7.9 1296.8 33.6 2108.0 1.1 0.0013 -73.7 -73.9 0.085 

23 45 -0.74 785.8 3.2 1499.5 99.9 2278.3 0.0 0.0000 96.6 103.6 0.007 
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i j 
Kijk 

/ cm-1 
ω(i)   / 

cm-1 
I(i) / km 

mol-1 
ω(j)   / 

cm-1 
I(j) / km 

mol-1 
ω(ij)   / 

cm-1 
I(ij) / 

km mol-1 
I(ij) / 

I(k) 
∆ω’ ∆ω TFR 

23 44 0.42 785.8 3.2 1426.3 15.1 2206.6 0.0 0.0000 24.9 30.4 0.014 

23 41 0.61 785.8 3.2 1394.0 15.6 2182.5 0.1 0.0002 0.8 -1.8 0.333 

23 40 -0.30 785.8 3.2 1359.9 42.7 2140.3 0.4 0.0004 -41.4 -36.0 0.008 

23 39 5.72 785.8 3.2 1323.7 15.3 2106.2 5.1 0.0059 -75.5 -72.2 0.079 

23 38 1.75 785.8 3.2 1313.5 99.8 2095.1 0.2 0.0002 -86.6 -82.4 0.021 

23 37 0.92 785.8 3.2 1303.2 2.4 2083.8 0.1 0.0001 -97.9 -92.7 0.010 

23 36 0.92 785.8 3.2 1296.8 33.6 2077.6 0.0 0.0001 -104.1 -99.1 0.009 

22 45 4.91 755.8 11.1 1499.5 99.9 2264.2 0.3 0.0003 82.5 73.6 0.067 

22 44 -2.10 755.8 11.1 1426.3 15.1 2192.4 1.4 0.0016 10.7 0.4 4.812 

22 43 0.24 755.8 11.1 1439.7 13.5 2207.3 0.0 0.0000 25.5 13.8 0.017 

22 42 -0.31 755.8 11.1 1462.1 37.1 2219.9 0.1 0.0001 38.2 36.2 0.009 

22 41 -1.87 755.8 11.1 1394.0 15.6 2167.0 31.7 0.0365 -14.7 -31.8 0.059 

22 40 1.53 755.8 11.1 1359.9 42.7 2123.2 0.3 0.0003 -58.6 -66.0 0.023 

22 39 -35.40 755.8 11.1 1323.7 15.3 2088.2 23.0 0.0265 -93.5 -102.2 0.346 

22 38 -12.62 755.8 11.1 1313.5 99.8 2079.1 4.7 0.0054 -102.6 -112.4 0.112 

21 46 -1.20 706.4 14.1 1586.8 1.4 2291.1 0.0 0.0000 109.3 111.4 0.011 

21 45 2.99 706.4 14.1 1499.5 99.9 2203.4 1.0 0.0011 21.7 24.1 0.124 

21 44 -2.18 706.4 14.1 1426.3 15.1 2133.1 4.9 0.0056 -48.6 -49.1 0.045 

21 43 0.35 706.4 14.1 1439.7 13.5 2147.9 0.1 0.0001 -33.8 -35.7 0.010 

21 42 -0.28 706.4 14.1 1462.1 37.1 2160.5 0.0 0.0000 -21.2 -13.3 0.021 

21 41 -1.00 706.4 14.1 1394.0 15.6 2106.6 0.0 0.0000 -75.1 -81.3 0.012 

20 47 1.07 677.0 20.8 1603.3 14.1 2279.6 0.0 0.0000 97.8 98.6 0.011 

20 46 1.80 677.0 20.8 1586.8 1.4 2262.9 0.1 0.0001 81.2 82.0 0.022 

20 45 -4.75 677.0 20.8 1499.5 99.9 2172.9 29.7 0.0342 -8.8 -5.3 0.896 

20 44 2.90 677.0 20.8 1426.3 15.1 2101.8 0.5 0.0006 -79.9 -78.4 0.037 

20 42 0.39 677.0 20.8 1462.1 37.1 2129.7 0.0 0.0000 -52.0 -42.7 0.009 

20 41 0.73 677.0 20.8 1394.0 15.6 2076.0 0.0 0.0000 -105.7 -110.7 0.007 

19 47 0.29 641.9 2.5 1603.3 14.1 2252.8 0.0 0.0000 71.0 63.6 0.005 

19 46 -0.84 641.9 2.5 1586.8 1.4 2236.8 0.1 0.0001 55.1 47.0 0.018 

19 45 1.40 641.9 2.5 1499.5 99.9 2147.7 0.2 0.0002 -34.0 -40.3 0.035 

19 44 -1.01 641.9 2.5 1426.3 15.1 2076.9 0.2 0.0002 -104.8 -113.5 0.009 

18 47 0.97 667.8 98.5 1603.3 14.1 2265.4 0.0 0.0001 83.7 89.5 0.011 

18 44 0.66 667.8 98.5 1426.3 15.1 2086.2 0.1 0.0001 -95.6 -87.6 0.008 

18 43 -0.28 667.8 98.5 1439.7 13.5 2102.0 0.0 0.0000 -79.7 -74.2 0.004 

18 42 0.30 667.8 98.5 1462.1 37.1 2114.9 0.0 0.0000 -66.8 -51.8 0.006 

17 48 -0.33 547.6 18.3 1645.4 395.9 2183.8 0.0 0.0000 2.1 11.2 0.030 

17 47 -0.59 547.6 18.3 1603.3 14.1 2142.5 0.7 0.0008 -39.3 -30.8 0.019 

16 48 0.41 568.7 20.3 1645.4 395.9 2185.1 2.3 0.0026 3.4 32.4 0.013 

16 47 0.89 568.7 20.3 1603.3 14.1 2144.4 0.1 0.0001 -37.3 -9.6 0.093 

16 46 0.32 568.7 20.3 1586.8 1.4 2126.4 0.0 0.0000 -55.3 -26.2 0.012 
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i j 
Kijk 

/ cm-1 
ω(i)   / 

cm-1 
I(i) / km 

mol-1 
ω(j)   / 

cm-1 
I(j) / km 

mol-1 
ω(ij)   / 

cm-1 
I(ij) / 

km mol-1 
I(ij) / 

I(k) 
∆ω’ ∆ω TFR 

15 48 0.39 513.9 4.2 1645.4 395.9 2169.9 0.6 0.0007 -11.8 -22.4 0.017 

15 47 0.47 513.9 4.2 1603.3 14.1 2128.3 0.1 0.0001 -53.4 -64.5 0.007 

14 48 0.88 517.7 17.7 1645.4 395.9 2176.3 0.6 0.0006 -5.4 -18.7 0.047 

14 47 2.42 517.7 17.7 1603.3 14.1 2134.5 2.0 0.0023 -47.2 -60.7 0.040 

13 47 -0.59 487.5 9.8 1603.3 14.1 2105.1 0.1 0.0001 -76.6 -90.9 0.007 

5 49 -6.91 114.6 1.1 2181.7 868.0 2286.7 0.4 0.0005 104.9 114.6 0.060 

3 49 -0.73 71.9 5.3 2181.7 868.0 2236.9 0.7 0.0008 55.2 71.9 0.010 

2 49 -1.14 12.9 0.5 2181.7 868.0 2225.6 0.3 0.0003 43.9 12.9 0.088 

1 49 -1.27 155.7 2.1 2181.7 868.0 2256.4 1.6 0.0018 74.7 155.7 0.008 

 

 

6-311G(d,p)  

 

i j 
Kijk 

/ cm-1 

ω(i)   / 

cm-1 

I(i) / km 

mol-1 

ω(j)   / 

cm-1 

I(j) / km 

mol-1 

ω(ij)   / 

cm-1 

I(ij) / km 

mol-1 

I(ij) / 

I(k) 
∆ω’ ∆ω TFR 

33 33 -34.63 1129.2 4.5 1129.2 4.5 2266.7 11.2 0.0972 80.4 72.3 0.479 

32 32 -1.32 1134.2 12.1 1134.2 12.1 2272.6 0.0 0.0001 86.4 82.3 0.016 

29 29 -0.86 1085.2 32.3 1085.2 32.3 2143.7 0.3 0.0028 -42.5 -15.9 0.054 

32 33 -5.38 1134.2 12.1 1129.2 4.5 2268.8 0.5 0.0047 82.5 77.3 0.070 

31 35 -0.23 1035.7 7.5 1219.2 31.2 2257.7 0.0 0.0003 71.5 68.6 0.003 

31 34 -0.25 1035.7 7.5 1201.1 8.4 2233.3 0.0 0.0000 47.1 50.5 0.005 

30 34 0.88 1016.9 3.2 1201.1 8.4 2213.8 10.3 0.0894 27.6 31.7 0.028 

30 33 3.51 1016.9 3.2 1129.2 4.5 2152.3 1.0 0.0090 -33.9 -40.1 0.088 

30 32 -0.75 1016.9 3.2 1134.2 12.1 2152.7 0.0 0.0003 -33.6 -35.1 0.021 

29 35 -0.58 1085.2 32.3 1219.2 31.2 2292.4 0.2 0.0015 106.1 118.1 0.005 

29 33 0.68 1085.2 32.3 1129.2 4.5 2206.5 0.1 0.0009 20.2 28.2 0.024 

28 39 -1.68 927.0 3.2 1327.8 14.8 2255.4 0.1 0.0004 69.2 68.5 0.024 

28 38 -0.33 927.0 3.2 1306.0 3.9 2248.6 0.0 0.0000 62.3 46.8 0.007 

28 37 -0.42 927.0 3.2 1323.2 319.8 2246.2 0.0 0.0000 60.0 63.9 0.007 

28 36 -0.33 927.0 3.2 1295.4 3.0 2229.2 0.0 0.0000 43.0 36.1 0.009 

28 35 -0.31 927.0 3.2 1219.2 31.2 2147.5 45.1 0.3901 -38.8 -40.1 0.008 

28 34 0.34 927.0 3.2 1201.1 8.4 2122.2 0.0 0.0002 -64.1 -58.2 0.006 

27 39 -0.32 906.7 2.1 1327.8 14.8 2241.6 0.0 0.0000 55.4 48.3 0.007 

27 35 0.24 906.7 2.1 1219.2 31.2 2133.9 0.1 0.0010 -52.3 -60.3 0.004 

26 39 -3.78 922.8 1.5 1327.8 14.8 2252.7 0.5 0.0042 66.5 64.4 0.059 

26 38 -1.62 922.8 1.5 1306.0 3.9 2244.6 0.0 0.0002 58.4 42.6 0.038 

26 35 0.58 922.8 1.5 1219.2 31.2 2142.7 0.7 0.0061 -43.5 -44.2 0.013 

26 34 0.45 922.8 1.5 1201.1 8.4 2120.0 0.1 0.0007 -66.2 -62.3 0.007 

25 44 -0.77 813.0 13.5 1458.5 17.9 2277.7 0.0 0.0003 91.5 85.3 0.009 

25 41 -0.46 813.0 13.5 1397.6 0.6 2212.5 0.0 0.0000 26.2 24.4 0.019 

25 40 0.52 813.0 13.5 1380.8 31.1 2195.0 0.1 0.0005 8.8 7.6 0.068 

25 39 -4.71 813.0 13.5 1327.8 14.8 2140.7 211.4 1.8274 -45.6 -45.4 0.104 

25 38 -0.56 813.0 13.5 1306.0 3.9 2135.1 0.0 0.0001 -51.1 -67.2 0.008 

25 37 -0.55 813.0 13.5 1323.2 319.8 2133.5 0.0 0.0000 -52.8 -50.1 0.011 

25 36 -0.33 813.0 13.5 1295.4 3.0 2115.3 0.0 0.0000 -71.0 -77.8 0.004 
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i j 
Kijk 

/ cm-1 
ω(i)   / 

cm-1 
I(i) / km 

mol-1 
ω(j)   / 

cm-1 
I(j) / km 

mol-1 
ω(ij)   / 

cm-1 
I(ij) / km 

mol-1 
I(ij) / 

I(k) 
∆ω’ ∆ω TFR 

24 44 4.29 837.5 11.9 1458.5 17.9 2288.4 0.2 0.0021 102.2 109.8 0.039 

24 41 3.44 837.5 11.9 1397.6 0.6 2223.6 1.0 0.0086 37.4 48.9 0.070 

24 40 -3.89 837.5 11.9 1380.8 31.1 2207.6 83.1 0.7180 21.4 32.1 0.121 

24 39 53.07 837.5 11.9 1327.8 14.8 2140.7 17.3 0.1495 -45.5 -20.9 2.534 

24 38 8.80 837.5 11.9 1306.0 3.9 2145.2 1.7 0.0144 -41.0 -42.7 0.206 

24 37 9.02 837.5 11.9 1323.2 319.8 2143.4 1.4 0.0124 -42.9 -25.6 0.353 

24 36 5.05 837.5 11.9 1295.4 3.0 2125.6 0.3 0.0022 -60.6 -53.4 0.095 

23 45 0.94 771.6 4.7 1511.6 6.8 2275.0 0.0 0.0004 88.8 97.0 0.010 

23 44 -0.69 771.6 4.7 1458.5 17.9 2239.5 0.0 0.0000 53.3 43.9 0.016 

23 41 -0.37 771.6 4.7 1397.6 0.6 2174.3 0.1 0.0006 -11.9 -17.0 0.022 

23 40 0.69 771.6 4.7 1380.8 31.1 2156.7 10.9 0.0943 -29.6 -33.8 0.021 

23 39 -8.61 771.6 4.7 1327.8 14.8 2102.5 10.0 0.0867 -83.7 -86.8 0.099 

23 38 -1.60 771.6 4.7 1306.0 3.9 2096.1 0.0 0.0004 -90.1 -108.6 0.015 

23 37 -1.53 771.6 4.7 1323.2 319.8 2093.7 0.0 0.0003 -92.6 -91.5 0.017 

22 45 4.71 767.3 5.7 1511.6 6.8 2274.7 0.2 0.0022 88.5 92.6 0.051 

22 44 -2.03 767.3 5.7 1458.5 17.9 2238.8 1.3 0.0110 52.6 39.6 0.051 

22 42 -0.32 767.3 5.7 1554.0 10.3 2293.8 0.1 0.0006 107.6 135.1 0.002 

22 41 -1.64 767.3 5.7 1397.6 0.6 2173.0 4.3 0.0372 -13.2 -21.3 0.077 

22 40 1.75 767.3 5.7 1380.8 31.1 2154.1 0.3 0.0027 -32.2 -38.1 0.046 

22 39 -34.18 767.3 5.7 1327.8 14.8 2099.5 17.0 0.1470 -86.7 -91.1 0.375 

22 38 -6.14 767.3 5.7 1306.0 3.9 2094.9 1.3 0.0109 -91.3 -112.9 0.054 

22 37 -6.84 767.3 5.7 1323.2 319.8 2092.6 1.4 0.0125 -93.6 -95.8 0.071 

21 45 2.94 712.5 58.8 1511.6 6.8 2220.4 0.6 0.0050 34.1 37.9 0.077 

21 44 -2.06 712.5 58.8 1458.5 17.9 2184.9 67.7 0.5848 -1.3 -15.2 0.136 

21 42 -0.24 712.5 58.8 1554.0 10.3 2240.8 0.0 0.0001 54.6 80.3 0.003 

21 41 -0.91 712.5 58.8 1397.6 0.6 2119.1 0.0 0.0001 -67.1 -76.1 0.012 

21 40 1.31 712.5 58.8 1380.8 31.1 2103.2 0.0 0.0004 -83.0 -92.8 0.014 

20 47 1.20 684.9 20.4 1603.5 2.4 2291.7 0.0 0.0002 105.5 102.2 0.012 

20 46 -1.59 684.9 20.4 1578.7 0.7 2264.9 0.1 0.0004 78.7 77.4 0.021 

20 45 -4.87 684.9 20.4 1511.6 6.8 2190.3 715.8 6.1867 4.1 10.3 0.474 

20 44 2.98 684.9 20.4 1458.5 17.9 2152.7 0.6 0.0055 -33.5 -42.8 0.070 

20 42 0.41 684.9 20.4 1554.0 10.3 2208.9 0.0 0.0001 22.7 52.7 0.008 

20 41 0.79 684.9 20.4 1397.6 0.6 2087.5 0.0 0.0002 -98.7 -103.7 0.008 

19 47 0.51 729.5 34.8 1603.5 2.4 2292.0 0.0 0.0000 105.7 146.8 0.003 

19 46 0.67 729.5 34.8 1578.7 0.7 2268.2 0.0 0.0004 81.9 122.0 0.005 

19 45 1.22 729.5 34.8 1511.6 6.8 2190.3 0.2 0.0014 4.1 54.9 0.022 

19 44 -0.71 729.5 34.8 1458.5 17.9 2157.3 0.1 0.0011 -28.9 1.8 0.387 

18 47 0.90 648.6 9.0 1603.5 2.4 2284.9 0.0 0.0003 98.6 65.8 0.014 

18 46 -0.28 648.6 9.0 1578.7 0.7 2260.5 0.0 0.0001 74.3 41.1 0.007 

18 44 0.92 648.6 9.0 1458.5 17.9 2149.3 0.2 0.0015 -36.9 -79.1 0.012 

18 42 0.25 648.6 9.0 1554.0 10.3 2201.7 0.0 0.0001 15.5 16.4 0.015 

18 41 0.71 648.6 9.0 1397.6 0.6 2081.6 0.0 0.0001 -104.7 -140.0 0.005 

17 47 -0.42 742.9 79.2 1603.5 2.4 2200.4 0.3 0.0030 14.2 160.1 0.003 

17 45 0.59 742.9 79.2 1511.6 6.8 2097.9 0.0 0.0001 -88.3 68.3 0.009 

16 47 0.93 542.3 8.3 1603.5 2.4 2205.7 0.1 0.0010 19.4 -40.5 0.023 

16 46 -0.35 542.3 8.3 1578.7 0.7 2179.9 0.0 0.0003 -6.3 -65.2 0.005 
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i j 
Kijk 

/ cm-1 
ω(i)   / 

cm-1 
I(i) / km 

mol-1 
ω(j)   / 

cm-1 
I(j) / km 

mol-1 
ω(ij)   / 

cm-1 
I(ij) / km 

mol-1 
I(ij) / 

I(k) 
∆ω’ ∆ω TFR 

15 48 0.32 538.4 12.1 1707.2 278.8 2259.4 0.0 0.0000 73.2 59.4 0.005 

15 47 0.28 538.4 12.1 1603.5 2.4 2161.3 0.0 0.0003 -24.9 -44.4 0.006 

14 48 0.93 605.7 5.6 1707.2 278.8 2272.5 90.8 0.7845 86.3 126.7 0.007 

14 47 2.22 605.7 5.6 1603.5 2.4 2173.5 1.7 0.0143 -12.7 23.0 0.097 

14 46 0.42 605.7 5.6 1578.7 0.7 2147.8 0.0 0.0003 -38.5 -1.8 0.234 

13 48 -0.34 471.2 37.3 1707.2 278.8 2256.0 3.0 0.0262 69.8 -7.8 0.044 

13 47 -0.80 471.2 37.3 1603.5 2.4 2158.2 0.2 0.0017 -28.0 -111.5 0.007 

11 48 -0.27 518.9 62.0 1707.2 278.8 2139.4 0.1 0.0007 -46.9 39.9 0.007 

10 48 0.44 384.3 6.1 1707.2 278.8 2101.1 0.0 0.0004 -85.1 -94.7 0.005 

8 48 -0.34 350.2 3.2 1707.2 278.8 2132.1 0.2 0.0018 -54.1 -128.8 0.003 

3 49 -0.61 63.8 3.4 2186.2 115.7 2218.4 0.6 0.0049 32.1 63.8 0.010 

2 49 -1.17 100.5 5.7 2186.2 115.7 2232.5 0.1 0.0011 46.3 100.5 0.012 

             

 

6-311+G(d,p)  

 

i j 
Kijk 

/ cm-1 

ω(i)   / 

cm-1 

I(i) / km 

mol-1 

ω(j)   / 

cm-1 

I(j) / km 

mol-1 

ω(ij)   / 

cm-1 

I(ij) / km 

mol-1 

I(ij) / 

I(k) 
∆ω’ ∆ω TFR 

33 33 34.82 1126.8 17.6 1126.8 17.6 2244.6 11.2 0.0236 70.7 79.8 0.437 

32 32 1.40 1098.5 17.2 1098.5 17.2 2237.0 0.0 0.0000 63.1 23.0 0.061 

33 34 -12.53 1126.8 17.6 1174.1 1.4 2281.3 1.2 0.0025 107.4 127.1 0.099 

32 34 1.20 1098.5 17.2 1174.1 1.4 2276.8 0.7 0.0016 102.9 98.7 0.012 

32 33 -5.23 1098.5 17.2 1126.8 17.6 2239.8 0.4 0.0009 66.0 51.4 0.102 

31 35 -0.26 1032.7 16.4 1212.3 11.1 2249.2 0.0 0.0001 75.3 71.1 0.004 

31 34 -0.26 1032.7 16.4 1174.1 1.4 2191.8 0.0 0.0000 17.9 32.9 0.008 

30 35 -0.54 1011.3 26.8 1212.3 11.1 2223.2 0.2 0.0003 49.3 49.8 0.011 

30 33 -0.21 1011.3 26.8 1126.8 17.6 2130.5 0.0 0.0001 -43.4 -35.8 0.006 

30 32 0.23 1011.3 26.8 1098.5 17.2 2124.1 0.0 0.0001 -49.8 -64.1 0.004 

29 36 -1.33 999.5 0.5 1282.2 48.5 2286.5 0.0 0.0000 112.7 107.8 0.012 

29 35 -0.21 999.5 0.5 1212.3 11.1 2219.5 0.0 0.0000 45.6 37.9 0.006 

29 34 0.66 999.5 0.5 1174.1 1.4 2160.3 0.6 0.0013 -13.6 -0.3 2.437 

29 33 -3.35 999.5 0.5 1126.8 17.6 2126.6 1.6 0.0034 -47.2 -47.6 0.070 

29 32 -0.73 999.5 0.5 1098.5 17.2 2119.5 0.0 0.0001 -54.4 -75.9 0.010 

28 39 1.64 980.4 0.7 1315.6 61.3 2288.4 0.0 0.0001 114.5 122.1 0.013 

28 38 0.53 980.4 0.7 1305.8 2.5 2277.3 0.0 0.0000 103.5 112.3 0.005 

28 37 0.37 980.4 0.7 1301.8 219.3 2272.3 0.0 0.0000 98.4 108.3 0.003 

28 36 -0.25 980.4 0.7 1282.2 48.5 2258.4 0.0 0.0000 84.6 88.7 0.003 

28 35 0.29 980.4 0.7 1212.3 11.1 2188.8 0.1 0.0002 15.0 18.8 0.015 

28 34 -0.36 980.4 0.7 1174.1 1.4 2131.8 0.0 0.0001 -42.0 -19.4 0.018 

28 33 0.75 980.4 0.7 1126.8 17.6 2096.3 0.0 0.0000 -77.6 -66.7 0.011 

27 35 -0.29 925.4 2.0 1212.3 11.1 2146.5 0.3 0.0006 -27.4 -36.1 0.008 

26 39 3.30 900.1 4.6 1315.6 61.3 2217.9 0.4 0.0008 44.0 41.9 0.079 

26 38 1.75 900.1 4.6 1305.8 2.5 2205.0 0.1 0.0001 31.2 32.1 0.054 

26 35 -0.60 900.1 4.6 1212.3 11.1 2117.3 0.7 0.0016 -56.6 -61.4 0.010 

26 34 -0.33 900.1 4.6 1174.1 1.4 2060.4 0.1 0.0002 -113.4 -99.6 0.003 
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i j 
Kijk 

/ cm-1 
ω(i)   / 

cm-1 
I(i) / km 

mol-1 
ω(j)   / 

cm-1 
I(j) / km 

mol-1 
ω(ij)   / 

cm-1 
I(ij) / km 

mol-1 
I(ij) / 

I(k) 
∆ω’ ∆ω TFR 

25 44 1.03 849.2 26.0 1415.3 2.1 2255.9 0.1 0.0001 82.0 90.5 0.011 

25 41 0.60 849.2 26.0 1386.3 12.5 2241.9 0.0 0.0000 68.0 61.6 0.010 

25 40 0.69 849.2 26.0 1371.2 70.4 2216.2 0.1 0.0002 42.3 46.5 0.015 

25 39 7.05 849.2 26.0 1315.6 61.3 2160.1 12.2 0.0257 -13.8 -9.1 0.773 

25 38 1.57 849.2 26.0 1305.8 2.5 2148.9 0.6 0.0013 -25.0 -18.9 0.083 

25 37 0.84 849.2 26.0 1301.8 219.3 2144.8 0.0 0.0001 -29.1 -22.9 0.037 

25 36 -0.53 849.2 26.0 1282.2 48.5 2129.5 0.0 0.0000 -44.4 -42.6 0.012 

25 35 0.57 849.2 26.0 1212.3 11.1 2061.0 0.0 0.0001 -112.9 -112.4 0.005 

24 44 -4.07 817.2 0.8 1415.3 2.1 2225.2 0.2 0.0004 51.3 58.6 0.069 

24 42 -0.48 817.2 0.8 1423.8 3.8 2240.0 0.0 0.0000 66.2 67.1 0.007 

24 41 -3.02 817.2 0.8 1386.3 12.5 2210.4 0.7 0.0014 36.6 29.7 0.102 

24 40 -3.42 817.2 0.8 1371.2 70.4 2184.6 6.1 0.0129 10.7 14.6 0.235 

24 39 -51.93 817.2 0.8 1315.6 61.3 2119.2 51.8 0.1091 -54.7 -41.0 1.266 

24 38 -13.89 817.2 0.8 1305.8 2.5 2117.3 12.0 0.0253 -56.6 -50.8 0.273 

24 37 -8.30 817.2 0.8 1301.8 219.3 2111.1 2.6 0.0054 -62.8 -54.8 0.151 

24 36 4.35 817.2 0.8 1282.2 48.5 2097.6 0.4 0.0008 -76.3 -74.5 0.058 

23 44 -0.31 802.9 3.5 1415.3 2.1 2216.0 0.0 0.0000 42.1 44.3 0.007 

23 41 -0.45 802.9 3.5 1386.3 12.5 2202.0 0.1 0.0002 28.1 15.3 0.030 

23 40 -0.25 802.9 3.5 1371.2 70.4 2176.1 0.2 0.0004 2.2 0.2 1.360 

23 39 -4.49 802.9 3.5 1315.6 61.3 2119.3 4.4 0.0092 -54.5 -55.4 0.081 

23 38 -1.04 802.9 3.5 1305.8 2.5 2108.8 0.1 0.0002 -65.1 -65.2 0.016 

23 37 -0.79 802.9 3.5 1301.8 219.3 2103.2 0.0 0.0001 -70.6 -69.2 0.011 

23 36 0.63 802.9 3.5 1282.2 48.5 2086.4 0.1 0.0002 -87.5 -88.8 0.007 

22 45 -4.60 759.6 13.0 1492.0 169.8 2256.7 0.2 0.0005 82.8 77.7 0.059 

22 44 2.04 759.6 13.0 1415.3 2.1 2177.9 1.2 0.0025 4.1 1.0 2.130 

22 42 0.24 759.6 13.0 1423.8 3.8 2191.8 0.0 0.0001 17.9 9.5 0.025 

22 41 1.47 759.6 13.0 1386.3 12.5 2162.9 495.6 1.0426 -11.0 -28.0 0.052 

22 40 1.62 759.6 13.0 1371.2 70.4 2134.6 0.3 0.0006 -39.3 -43.1 0.038 

22 39 35.18 759.6 13.0 1315.6 61.3 2078.1 26.9 0.0566 -95.7 -98.7 0.356 

22 38 10.17 759.6 13.0 1305.8 2.5 2069.2 3.4 0.0071 -104.6 -108.5 0.094 

22 37 6.61 759.6 13.0 1301.8 219.3 2063.3 1.2 0.0026 -110.6 -112.5 0.059 

21 46 -1.20 710.6 14.5 1576.1 1.5 2284.7 0.0 0.0001 110.8 112.8 0.011 

21 45 -2.95 710.6 14.5 1492.0 169.8 2200.8 0.6 0.0012 27.0 28.8 0.102 

21 44 2.17 710.6 14.5 1415.3 2.1 2122.9 0.1 0.0002 -50.9 -48.0 0.045 

21 41 0.77 710.6 14.5 1386.3 12.5 2107.1 0.0 0.0000 -66.8 -76.9 0.010 

21 40 1.23 710.6 14.5 1371.2 70.4 2081.7 0.0 0.0001 -92.1 -92.1 0.013 

20 47 -1.04 674.5 6.2 1593.8 1.8 2271.1 0.0 0.0001 97.3 94.4 0.011 

20 46 1.73 674.5 6.2 1576.1 1.5 2248.2 0.1 0.0001 74.4 76.6 0.023 

20 45 4.64 674.5 6.2 1492.0 169.8 2165.0 42.4 0.0892 -8.9 -7.4 0.629 

20 44 -2.83 674.5 6.2 1415.3 2.1 2086.1 0.9 0.0018 -87.7 -84.2 0.034 

20 42 -0.31 674.5 6.2 1423.8 3.8 2100.5 0.0 0.0000 -73.3 -75.6 0.004 

20 41 -0.43 674.5 6.2 1386.3 12.5 2071.0 0.0 0.0000 -102.9 -113.1 0.004 

19 47 -0.34 643.8 1.8 1593.8 1.8 2237.1 0.0 0.0000 63.2 63.8 0.005 

19 46 -0.76 643.8 1.8 1576.1 1.5 2218.1 0.0 0.0001 44.3 46.0 0.017 

19 45 -1.21 643.8 1.8 1492.0 169.8 2132.0 0.2 0.0005 -41.9 -38.0 0.032 

18 48 -0.34 601.0 28.1 1643.2 342.2 2242.0 0.1 0.0002 68.1 70.3 0.005 
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i j 
Kijk 

/ cm-1 
ω(i)   / 

cm-1 
I(i) / km 

mol-1 
ω(j)   / 

cm-1 
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mol-1 
ω(ij)   / 

cm-1 
I(ij) / km 

mol-1 
I(ij) / 

I(k) 
∆ω’ ∆ω TFR 

18 47 -0.91 601.0 28.1 1593.8 1.8 2199.7 0.0 0.0001 25.8 21.0 0.044 

18 46 0.25 601.0 28.1 1576.1 1.5 2179.0 0.0 0.0000 5.1 3.2 0.079 

17 48 0.28 548.0 11.3 1643.2 342.2 2177.9 0.0 0.0001 4.1 17.3 0.016 

17 47 0.52 548.0 11.3 1593.8 1.8 2135.4 0.6 0.0013 -38.4 -32.0 0.016 

16 48 -0.28 518.3 7.2 1643.2 342.2 2151.6 162.1 0.3410 -22.3 -12.4 0.022 

16 47 -0.67 518.3 7.2 1593.8 1.8 2109.4 0.1 0.0001 -64.4 -61.7 0.011 

16 46 0.37 518.3 7.2 1576.1 1.5 2088.0 0.0 0.0001 -85.9 -79.5 0.005 

15 48 -0.50 528.9 17.3 1643.2 342.2 2150.5 3.6 0.0076 -23.3 -1.8 0.281 

15 47 -0.67 528.9 17.3 1593.8 1.8 2108.5 0.1 0.0003 -65.4 -51.1 0.013 

14 48 -0.95 450.3 109.2 1643.2 342.2 2113.0 0.7 0.0014 -60.9 -80.4 0.012 

14 47 -2.59 450.3 109.2 1593.8 1.8 2070.6 2.2 0.0046 -103.2 -129.8 0.020 

5 49 6.65 157.0 3.5 2173.9 475.4 2281.6 0.4 0.0009 107.7 157.0 0.042 

2 49 1.20 41.4 3.9 2173.9 475.4 2208.3 0.4 0.0008 34.5 41.4 0.029 

1 49 1.36 22.4 1.6 2173.9 475.4 2189.3 1.7 0.0035 15.4 22.4 0.061 

 

 

6-311++G(d,p)  

 

i j 
Kijk 

/ cm-1 

ω(i)   / 

cm-1 

I(i) / km 

mol-1 

ω(j)   / 

cm-1 

I(j) / km 

mol-1 

ω(ij)   / 

cm-1 

I(ij) / km 

mol-1 

I(ij) / 

I(k) 
∆ω’ ∆ω TFR 

33 33 -34.83 1125.8 16.6 1125.8 16.6 2244.9 11.3 0.0314 74.6 81.3 0.428 

32 32 -1.39 1096.2 18.1 1096.2 18.1 2221.8 0.0 0.0000 51.5 22.1 0.063 

33 34 -12.57 1125.8 16.6 1164.6 0.8 2276.0 1.2 0.0033 105.7 120.1 0.105 

32 34 -1.19 1096.2 18.1 1164.6 0.8 2263.7 0.7 0.0020 93.5 90.5 0.013 

32 33 -5.20 1096.2 18.1 1125.8 16.6 2232.4 0.4 0.0012 62.2 51.7 0.101 

31 35 -0.26 1027.2 10.3 1219.6 22.4 2244.6 0.0 0.0001 74.4 76.6 0.003 

31 34 -0.25 1027.2 10.3 1164.6 0.8 2180.4 0.0 0.0000 10.1 21.6 0.012 

30 35 -0.53 1013.9 32.5 1219.6 22.4 2228.7 0.2 0.0004 58.4 63.2 0.008 

30 32 0.26 1013.9 32.5 1096.2 18.1 2120.6 0.0 0.0001 -49.6 -60.2 0.004 

29 35 -0.22 999.3 0.4 1219.6 22.4 2219.3 0.0 0.0001 49.1 48.6 0.004 

29 34 0.65 999.3 0.4 1164.6 0.8 2153.5 0.6 0.0017 -16.8 -6.4 0.102 

29 33 3.33 999.3 0.4 1125.8 16.6 2125.2 1.6 0.0045 -45.0 -45.2 0.074 

29 32 -0.72 999.3 0.4 1096.2 18.1 2110.4 0.0 0.0001 -59.8 -74.8 0.010 

28 39 -1.64 956.4 0.2 1316.3 32.4 2269.4 0.0 0.0001 99.1 102.5 0.016 

28 38 -0.52 956.4 0.2 1306.6 2.2 2259.1 0.0 0.0000 88.8 92.8 0.006 

28 37 -0.37 956.4 0.2 1295.5 134.9 2245.1 0.0 0.0000 74.8 81.7 0.005 

28 36 -0.25 956.4 0.2 1281.7 69.5 2238.8 0.0 0.0000 68.6 67.9 0.004 

28 35 -0.29 956.4 0.2 1219.6 22.4 2170.5 0.1 0.0002 0.2 5.7 0.050 

28 34 0.36 956.4 0.2 1164.6 0.8 2106.0 0.0 0.0001 -64.3 -49.2 0.007 

28 33 0.75 956.4 0.2 1125.8 16.6 2076.7 0.0 0.0000 -93.5 -88.1 0.009 

27 35 0.28 928.2 1.3 1219.6 22.4 2147.0 0.3 0.0008 -23.3 -22.4 0.012 

26 39 -3.30 900.6 5.4 1316.3 32.4 2219.1 0.4 0.0010 48.9 46.6 0.071 

26 38 -1.74 900.6 5.4 1306.6 2.2 2207.0 0.1 0.0002 36.8 36.9 0.047 

26 35 0.60 900.6 5.4 1219.6 22.4 2119.2 0.7 0.0021 -51.0 -50.1 0.012 
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i j 
Kijk 

/ cm-1 
ω(i)   / 

cm-1 
I(i) / km 

mol-1 
ω(j)   / 

cm-1 
I(j) / km 

mol-1 
ω(ij)   / 

cm-1 
I(ij) / km 

mol-1 
I(ij) / 

I(k) 
∆ω’ ∆ω TFR 

25 44 -1.01 837.9 23.4 1418.6 1.1 2248.6 0.1 0.0002 78.3 86.3 0.012 

25 41 -0.59 837.9 23.4 1388.2 10.4 2231.8 0.0 0.0000 61.5 55.9 0.011 

25 40 0.67 837.9 23.4 1362.8 87.7 2196.2 0.1 0.0002 25.9 30.4 0.022 

25 39 -6.81 837.9 23.4 1316.3 32.4 2150.7 3.5 0.0098 -19.5 -16.0 0.425 

25 38 -1.50 837.9 23.4 1306.6 2.2 2139.9 0.6 0.0016 -30.4 -25.7 0.058 

25 37 -0.82 837.9 23.4 1295.5 134.9 2127.3 0.0 0.0001 -42.9 -36.8 0.022 

25 36 -0.51 837.9 23.4 1281.7 69.5 2119.2 0.0 0.0000 -51.0 -50.6 0.010 

24 44 -4.06 811.6 4.6 1418.6 1.1 2227.6 0.2 0.0005 57.4 59.9 0.068 

24 42 -0.48 811.6 4.6 1427.7 3.1 2241.0 0.0 0.0000 70.7 69.1 0.007 

24 41 -3.01 811.6 4.6 1388.2 10.4 2210.2 0.7 0.0018 39.9 29.5 0.102 

24 40 3.40 811.6 4.6 1362.8 87.7 2175.0 6.1 0.0171 4.8 4.1 0.828 

24 39 -51.90 811.6 4.6 1316.3 32.4 2118.8 43.9 0.1223 -51.5 -42.4 1.225 

24 38 -13.78 811.6 4.6 1306.6 2.2 2118.2 11.6 0.0324 -52.1 -52.0 0.265 

24 37 -8.37 811.6 4.6 1295.5 134.9 2103.9 2.6 0.0072 -66.3 -63.1 0.133 

24 36 -4.38 811.6 4.6 1281.7 69.5 2097.1 0.4 0.0011 -73.1 -77.0 0.057 

23 44 0.27 795.4 15.0 1418.6 1.1 2207.8 0.0 0.0000 37.5 43.8 0.006 

23 41 0.42 795.4 15.0 1388.2 10.4 2191.2 0.1 0.0002 21.0 13.4 0.031 

23 40 -0.22 795.4 15.0 1362.8 87.7 2155.1 0.2 0.0004 -15.2 -12.1 0.018 

23 39 4.02 795.4 15.0 1316.3 32.4 2109.0 3.4 0.0095 -61.3 -58.5 0.069 

23 38 0.91 795.4 15.0 1306.6 2.2 2099.1 0.1 0.0002 -71.2 -68.2 0.013 

23 37 0.71 795.4 15.0 1295.5 134.9 2084.9 0.0 0.0001 -85.3 -79.3 0.009 

23 36 0.59 795.4 15.0 1281.7 69.5 2075.4 0.1 0.0002 -94.9 -93.1 0.006 

22 45 4.59 760.7 12.0 1492.0 37.8 2255.1 0.2 0.0006 84.9 82.4 0.056 

22 44 -2.02 760.7 12.0 1418.6 1.1 2179.0 1.2 0.0033 8.7 9.0 0.223 

22 42 -0.24 760.7 12.0 1427.7 3.1 2191.4 0.0 0.0001 21.2 18.2 0.013 

22 41 -1.46 760.7 12.0 1388.2 10.4 2160.4 380.0 1.0595 -9.8 -21.4 0.068 

22 40 1.60 760.7 12.0 1362.8 87.7 2123.7 0.3 0.0008 -46.6 -46.8 0.034 

22 39 -35.10 760.7 12.0 1316.3 32.4 2077.0 26.8 0.0747 -93.2 -93.3 0.376 

22 38 -10.08 760.7 12.0 1306.6 2.2 2068.8 3.3 0.0093 -101.4 -103.0 0.098 

21 45 2.90 709.7 12.5 1492.0 37.8 2201.1 0.5 0.0014 30.9 31.4 0.092 

21 44 -2.14 709.7 12.5 1418.6 1.1 2126.2 464.1 1.2938 -44.0 -42.0 0.051 

21 41 -0.78 709.7 12.5 1388.2 10.4 2107.3 0.0 0.0000 -62.9 -72.4 0.011 

21 40 1.20 709.7 12.5 1362.8 87.7 2072.6 0.0 0.0001 -97.7 -97.8 0.012 

20 47 1.05 674.9 6.9 1593.3 2.3 2272.3 0.0 0.0001 102.0 98.0 0.011 

20 46 1.76 674.9 6.9 1577.1 1.4 2249.8 0.1 0.0002 79.6 81.8 0.021 

20 45 -4.70 674.9 6.9 1492.0 37.8 2165.8 42.8 0.1192 -4.4 -3.3 1.416 

20 44 2.87 674.9 6.9 1418.6 1.1 2089.5 0.9 0.0024 -80.7 -76.7 0.037 

20 42 0.31 674.9 6.9 1427.7 3.1 2102.5 0.0 0.0000 -67.8 -67.6 0.005 

20 41 0.44 674.9 6.9 1388.2 10.4 2071.8 0.0 0.0000 -98.5 -107.1 0.004 

19 47 0.33 645.1 2.0 1593.3 2.3 2238.5 0.0 0.0000 68.2 68.1 0.005 

19 46 -0.77 645.1 2.0 1577.1 1.4 2219.9 0.0 0.0001 49.7 51.9 0.015 

19 45 1.21 645.1 2.0 1492.0 37.8 2133.0 0.2 0.0006 -37.2 -33.2 0.037 

18 48 0.34 595.8 30.5 1644.0 206.1 2241.2 0.1 0.0002 70.9 69.5 0.005 
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i j 
Kijk 

/ cm-1 
ω(i)   / 

cm-1 
I(i) / km 

mol-1 
ω(j)   / 

cm-1 
I(j) / km 

mol-1 
ω(ij)   / 

cm-1 
I(ij) / km 

mol-1 
I(ij) / 

I(k) 
∆ω’ ∆ω TFR 

18 47 0.92 595.8 30.5 1593.3 2.3 2196.0 0.0 0.0001 25.7 18.9 0.049 

18 46 0.24 595.8 30.5 1577.1 1.4 2175.7 0.0 0.0000 5.4 2.7 0.091 

17 48 -0.28 548.8 12.8 1644.0 206.1 2180.3 0.0 0.0001 10.0 22.5 0.012 

17 47 -0.51 548.8 12.8 1593.3 2.3 2134.9 0.6 0.0016 -35.3 -28.1 0.018 

16 48 0.42 531.7 15.8 1644.0 206.1 2143.1 29.1 0.0811 -27.2 5.4 0.078 

16 47 0.85 531.7 15.8 1593.3 2.3 2098.5 0.1 0.0003 -71.8 -45.2 0.019 

16 46 0.41 531.7 15.8 1577.1 1.4 2077.4 0.0 0.0001 -92.8 -61.4 0.007 

15 48 0.38 496.8 2.7 1644.0 206.1 2140.4 1.1 0.0030 -29.8 -29.5 0.013 

15 47 0.41 496.8 2.7 1593.3 2.3 2094.9 0.1 0.0002 -75.3 -80.2 0.005 

14 48 0.95 440.5 112.5 1644.0 206.1 2110.4 0.7 0.0019 -59.8 -85.8 0.011 

14 47 2.59 440.5 112.5 1593.3 2.3 2065.1 2.2 0.0061 -105.1 -136.4 0.019 

13 47 -0.26 487.6 10.1 1593.3 2.3 2095.7 0.0 0.0001 -74.5 -89.3 0.003 

2 49 -1.21 -9.5 2.0 2170.3 358.8 2152.1 0.4 0.0011 -18.1 -9.5 0.127 

1 49 -1.36 -78.8 39.0 2170.3 358.8 2082.3 1.6 0.0044 -88.0 -78.8 0.017 

 

 

6-311++G(df,pd)  

 

i j 
Kijk 

/ cm-1 

ω(i)   / cm-

1 

I(i) / km 

mol-1 

ω(j)   / 

cm-1 

I(j) / km 

mol-1 

ω(ij)   / 

cm-1 

I(ij) / km 

mol-1 

I(ij) / 

I(k) 
∆ω’ ∆ω TFR 

33 33 35.03 1127.4 15.1 1127.4 15.1 2253.5 10.4 0.0118 80.3 81.6 0.429 

32 32 1.90 1103.9 11.5 1103.9 11.5 2251.5 0.0 0.0000 78.3 34.5 0.055 

32 33 -6.73 1103.9 11.5 1127.4 15.1 2251.7 0.7 0.0007 78.5 58.1 0.116 

31 35 -0.24 1032.7 14.4 1217.8 15.6 2248.8 0.0 0.0000 75.5 77.3 0.003 

31 34 -0.27 1032.7 14.4 1191.9 1.3 2201.1 0.0 0.0000 27.9 51.4 0.005 

30 34 0.59 1010.1 8.0 1191.9 1.3 2180.3 0.3 0.0003 7.1 28.8 0.020 

30 33 -2.87 1010.1 8.0 1127.4 15.1 2138.6 1.7 0.0020 -34.6 -35.7 0.080 

30 32 -0.67 1010.1 8.0 1103.9 11.5 2134.8 0.1 0.0001 -38.4 -59.3 0.011 

29 35 -0.56 1018.8 20.6 1217.8 15.6 2233.8 0.2 0.0002 60.6 63.4 0.009 

29 33 -1.41 1018.8 20.6 1127.4 15.1 2143.5 0.5 0.0006 -29.7 -26.9 0.052 

28 39 1.63 957.0 1.1 1321.1 73.1 2274.6 0.0 0.0000 101.4 104.9 0.016 

28 38 0.53 957.0 1.1 1312.5 7.4 2264.7 0.0 0.0000 91.5 96.4 0.005 

28 37 0.46 957.0 1.1 1305.2 110.2 2259.2 0.0 0.0000 86.0 89.0 0.005 

28 36 -0.25 957.0 1.1 1287.2 1.3 2239.2 0.0 0.0000 66.0 71.0 0.003 

28 35 0.28 957.0 1.1 1217.8 15.6 2171.9 0.0 0.0000 -1.3 1.6 0.177 

28 34 -0.37 957.0 1.1 1191.9 1.3 2123.5 0.1 0.0001 -49.7 -24.2 0.015 

28 33 0.75 957.0 1.1 1127.4 15.1 2081.4 0.0 0.0000 -91.8 -88.8 0.008 

27 35 -0.28 927.4 1.2 1217.8 15.6 2151.2 14.0 0.0159 -22.0 -28.0 0.010 

26 39 2.91 905.1 3.6 1321.1 73.1 2227.6 0.3 0.0003 54.4 53.0 0.055 

26 38 1.75 905.1 3.6 1312.5 7.4 2216.0 0.1 0.0001 42.8 44.4 0.039 

26 35 -0.66 905.1 3.6 1217.8 15.6 2123.4 0.8 0.0010 -49.8 -50.3 0.013 

26 34 -0.32 905.1 3.6 1191.9 1.3 2077.0 0.1 0.0001 -96.2 -76.2 0.004 

25 44 0.77 838.4 12.6 1433.8 8.5 2260.8 0.1 0.0001 87.6 99.0 0.008 
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i j 
Kijk 

/ cm-1 
ω(i)   / cm-

1 
I(i) / km 

mol-1 
ω(j)   / 

cm-1 
I(j) / km 

mol-1 
ω(ij)   / 

cm-1 
I(ij) / km 

mol-1 
I(ij) / 

I(k) 
∆ω’ ∆ω TFR 

25 41 0.48 838.4 12.6 1393.5 6.7 2234.2 0.0 0.0000 61.0 58.7 0.008 

25 40 0.51 838.4 12.6 1356.4 5.4 2188.7 0.1 0.0001 15.5 21.7 0.024 

25 39 4.71 838.4 12.6 1321.1 73.1 2154.2 28.7 0.0325 -19.0 -13.6 0.346 

25 38 1.00 838.4 12.6 1312.5 7.4 2144.7 1.7 0.0019 -28.5 -22.2 0.045 

25 37 0.66 838.4 12.6 1305.2 110.2 2140.4 0.1 0.0001 -32.8 -29.6 0.022 

25 36 -0.31 838.4 12.6 1287.2 1.3 2119.9 0.0 0.0000 -53.3 -47.6 0.007 

24 44 3.68 816.9 7.3 1433.8 8.5 2240.6 0.1 0.0002 67.4 77.5 0.047 

24 43 0.39 816.9 7.3 1428.4 9.6 2249.5 0.0 0.0000 76.3 72.1 0.005 

24 42 0.46 816.9 7.3 1462.2 51.7 2270.7 0.0 0.0000 97.5 105.9 0.004 

24 41 3.21 816.9 7.3 1393.5 6.7 2214.1 0.6 0.0007 40.9 37.2 0.086 

24 40 3.51 816.9 7.3 1356.4 5.4 2170.1 4.1 0.0046 -3.1 0.2 19.820 

24 39 51.93 816.9 7.3 1321.1 73.1 2124.2 141.0 0.1598 -49.0 -35.2 1.477 

24 38 13.86 816.9 7.3 1312.5 7.4 2124.2 18.2 0.0207 -49.0 -43.7 0.317 

24 37 10.61 816.9 7.3 1305.2 110.2 2118.4 6.5 0.0073 -54.8 -51.1 0.208 

24 36 -3.98 816.9 7.3 1287.2 1.3 2099.4 0.4 0.0004 -73.8 -69.1 0.058 

23 41 -0.22 783.9 4.6 1393.5 6.7 2186.6 0.1 0.0001 13.4 4.2 0.053 

23 39 -0.27 783.9 4.6 1321.1 73.1 2106.7 0.0 0.0000 -66.5 -68.2 0.004 

23 36 0.28 783.9 4.6 1287.2 1.3 2070.5 0.1 0.0001 -102.7 -102.1 0.003 

22 45 -4.52 758.3 15.0 1501.2 116.0 2262.7 0.2 0.0002 89.5 86.4 0.052 

22 44 1.71 758.3 15.0 1433.8 8.5 2191.9 1.0 0.0011 18.7 18.9 0.090 

22 42 0.23 758.3 15.0 1462.2 51.7 2220.7 0.0 0.0000 47.5 47.3 0.005 

22 41 1.54 758.3 15.0 1393.5 6.7 2164.4 12.7 0.0144 -8.8 -21.4 0.072 

22 40 1.64 758.3 15.0 1356.4 5.4 2118.4 0.3 0.0004 -54.8 -58.4 0.028 

22 39 34.74 758.3 15.0 1321.1 73.1 2082.3 31.4 0.0356 -90.9 -93.8 0.371 

22 38 9.95 758.3 15.0 1312.5 7.4 2074.6 3.4 0.0039 -98.6 -102.3 0.097 

22 37 8.27 758.3 15.0 1305.2 110.2 2069.1 2.2 0.0025 -104.1 -109.7 0.075 

21 45 -2.87 714.6 11.4 1501.2 116.0 2212.2 0.4 0.0004 39.0 42.7 0.067 

21 44 1.92 714.6 11.4 1433.8 8.5 2142.2 10.8 0.0122 -31.0 -24.8 0.078 

21 41 0.86 714.6 11.4 1393.5 6.7 2114.5 0.0 0.0000 -58.7 -65.1 0.013 

21 40 1.23 714.6 11.4 1356.4 5.4 2070.8 0.0 0.0000 -102.4 -102.1 0.012 

20 47 -1.11 684.4 13.6 1595.5 1.8 2282.4 0.0 0.0000 109.2 106.8 0.010 

20 46 1.66 684.4 13.6 1578.4 2.2 2261.3 0.0 0.0000 88.1 89.7 0.018 

20 45 4.70 684.4 13.6 1501.2 116.0 2183.0 11.3 0.0128 9.8 12.5 0.377 

20 44 -2.64 684.4 13.6 1433.8 8.5 2112.4 1.1 0.0012 -60.8 -55.0 0.048 

20 43 -0.27 684.4 13.6 1428.4 9.6 2120.3 0.0 0.0000 -52.9 -60.4 0.004 

20 42 -0.29 684.4 13.6 1462.2 51.7 2142.1 0.0 0.0000 -31.1 -26.6 0.011 

20 41 -0.59 684.4 13.6 1393.5 6.7 2085.3 0.0 0.0000 -87.9 -95.3 0.006 

19 47 -0.59 715.2 168.5 1595.5 1.8 2278.7 0.0 0.0000 105.5 137.6 0.004 

19 46 -0.66 715.2 168.5 1578.4 2.2 2260.5 0.0 0.0000 87.3 120.5 0.005 

19 45 -1.26 715.2 168.5 1501.2 116.0 2180.4 0.6 0.0006 7.2 43.3 0.029 

19 44 0.59 715.2 168.5 1433.8 8.5 2110.8 0.1 0.0001 -62.4 -24.2 0.024 

18 47 -0.85 647.1 2.7 1595.5 1.8 2275.2 0.1 0.0001 102.0 69.4 0.012 

18 46 0.39 647.1 2.7 1578.4 2.2 2256.7 0.0 0.0000 83.5 52.3 0.007 
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i j 
Kijk 

/ cm-1 
ω(i)   / cm-

1 
I(i) / km 

mol-1 
ω(j)   / 

cm-1 
I(j) / km 

mol-1 
ω(ij)   / 

cm-1 
I(ij) / km 

mol-1 
I(ij) / 

I(k) 
∆ω’ ∆ω TFR 

18 44 -0.88 647.1 2.7 1433.8 8.5 2105.0 0.2 0.0002 -68.2 -92.3 0.009 

18 42 -0.26 647.1 2.7 1462.2 51.7 2134.7 0.0 0.0000 -38.5 -63.9 0.004 

18 41 -0.74 647.1 2.7 1393.5 6.7 2079.3 0.0 0.0000 -93.9 -132.6 0.006 

17 48 0.32 551.2 20.0 1643.3 0.2 2185.1 0.0 0.0000 11.9 21.3 0.015 

17 47 0.57 551.2 20.0 1595.5 1.8 2138.9 1.0 0.0011 -34.3 -26.5 0.021 

16 48 -0.49 624.4 12.2 1643.3 0.2 2220.2 0.7 0.0008 47.0 94.4 0.005 

16 47 -0.94 624.4 12.2 1595.5 1.8 2174.6 0.2 0.0002 1.4 46.7 0.020 

16 46 0.41 624.4 12.2 1578.4 2.2 2154.7 0.1 0.0001 -18.5 29.6 0.014 

16 45 -0.27 624.4 12.2 1501.2 116.0 2075.8 0.1 0.0001 -97.4 -47.6 0.006 

15 48 -0.27 540.8 6.0 1643.3 0.2 2189.2 1.1 0.0012 16.0 10.8 0.025 

14 48 -0.88 527.4 14.4 1643.3 0.2 2209.0 0.8 0.0009 35.8 -2.6 0.338 

14 47 -2.52 527.4 14.4 1595.5 1.8 2162.4 2.3 0.0027 -10.8 -50.3 0.050 

14 45 -0.32 527.4 14.4 1501.2 116.0 2063.5 0.1 0.0001 -109.7 -144.6 0.002 

3 49 0.65 74.9 6.8 2173.2 882.6 2227.6 0.7 0.0008 54.4 74.9 0.009 

2 49 1.18 10.6 0.3 2173.2 882.6 2219.8 0.4 0.0004 46.6 10.6 0.111 

1 49 1.33 175.5 5.8 2173.2 882.6 2257.8 1.8 0.0020 84.6 175.5 0.008 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

158 

 

 

APPENDIX D 

VIBRATIONAL MODES OF 4-AZIDOACETANILIDE THAT OCCUR WITHIN ±130 CM-1 

FROM THE FUNDAMENTAL VIBRATION FOR SEVEN BASIS SETS IN THF 

 

i, j, k : vibrational modes ; where k = 49 (azide asymmetric stretch)  

i = j → overtone & i ≠ j → combination band 

Kijk : cubic force constant 

TFR : third-order Fermi resonance  

ω(i), ω(j), ω(k) : anharmonic frequencies of i, j & k th mode  

ω(ij) : anharmonic frequency of ij th mode 

I(i), I(j), I(k) : anharmonic intensities of i, j & k th mode  

I(ij) : anharmonic intensity of ij th mode 

∆ω’ : ω(ij) - ω(k)   

∆ω : ω(i) + ω(j) - ω(k)   

 

6-31G(d,p)  

 

i j 
Kijk 

/ cm-1 

ω(i)   / 

cm-1 

I(i) / km 

mol-1 

ω(j)   / 

cm-1 

I(j) / km 

mol-1 

ω(ij)   / 

cm-1 

I(ij) / km 

mol-1 

I(ij) / 

I(k) 
∆ω’ ∆ω TFR 

33 33 36.38 1136.2 12.3 1136.2 12.3 2271.0 12.0 0.0157 71.7 73.0 0.498 

32 32 1.00 1127.6 9.8 1127.6 9.8 2259.0 0.0 0.0000 59.7 56.0 0.018 

32 33 4.65 1127.6 9.8 1136.2 12.3 2264.4 0.4 0.0005 65.1 64.5 0.072 

31 35 -0.20 1031.0 17.9 1228.4 13.8 2256.3 0.0 0.0000 57.0 60.1 0.003 

31 34 -0.24 1031.0 17.9 1190.6 3.5 2215.4 0.0 0.0000 16.1 22.3 0.011 

30 35 -0.73 1032.8 26.7 1228.4 13.8 2260.6 0.1 0.0001 61.4 62.0 0.012 

30 34 0.79 1032.8 26.7 1190.6 3.5 2221.5 0.9 0.0012 22.2 24.1 0.033 

30 33 2.92 1032.8 26.7 1136.2 12.3 2168.9 0.6 0.0008 -30.4 -30.3 0.096 

30 32 -0.32 1032.8 26.7 1127.6 9.8 2161.5 0.0 0.0000 -37.7 -38.8 0.008 

29 36 -0.96 1014.1 5.3 1294.0 410.1 2307.2 0.1 0.0002 107.9 108.8 0.009 

29 34 0.97 1014.1 5.3 1190.6 3.5 2201.6 1.2 0.0016 2.3 5.4 0.180 

29 33 2.48 1014.1 5.3 1136.2 12.3 2150.3 0.3 0.0003 -49.0 -49.1 0.051 
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i j 
Kijk 

/ cm-1 
ω(i)   / 

cm-1 
I(i) / km 

mol-1 
ω(j)   / 

cm-1 
I(j) / km 

mol-1 
ω(ij)   / 

cm-1 
I(ij) / km 

mol-1 
I(ij) / 

I(k) 
∆ω’ ∆ω TFR 

29 32 -0.55 1014.1 5.3 1127.6 9.8 2141.7 0.0 0.0000 -57.6 -57.6 0.010 

28 39 -1.72 922.0 7.1 1336.5 2.5 2263.1 0.1 0.0001 63.8 59.2 0.029 

28 38 -0.34 922.0 7.1 1312.1 6.5 2255.4 0.0 0.0000 56.2 34.8 0.010 

28 36 -0.56 922.0 7.1 1294.0 410.1 2224.7 0.0 0.0000 25.4 16.7 0.034 

28 35 -0.23 922.0 7.1 1228.4 13.8 2158.7 0.0 0.0000 -40.5 -48.9 0.005 

28 34 0.32 922.0 7.1 1190.6 3.5 2119.3 0.0 0.0000 -79.9 -86.7 0.004 

27 35 -0.25 901.7 1.4 1228.4 13.8 2134.9 0.1 0.0001 -64.3 -69.2 0.004 

26 39 5.09 943.2 7.7 1336.5 2.5 2263.6 1.1 0.0015 64.3 80.4 0.063 

26 38 1.68 943.2 7.7 1312.1 6.5 2252.8 0.2 0.0002 53.5 56.0 0.030 

26 37 -0.90 943.2 7.7 1328.5 236.9 2253.1 0.1 0.0001 53.8 72.4 0.012 

26 36 0.41 943.2 7.7 1294.0 410.1 2224.4 0.0 0.0001 25.2 37.9 0.011 

26 35 -0.43 943.2 7.7 1228.4 13.8 2160.0 0.6 0.0008 -39.3 -27.7 0.016 

26 34 -0.44 943.2 7.7 1190.6 3.5 2119.5 0.1 0.0001 -79.7 -65.5 0.007 

25 44 1.06 836.0 7.3 1485.0 43.8 2297.6 0.0 0.0000 98.3 121.8 0.009 

25 43 -0.29 836.0 7.3 1451.1 25.0 2279.5 0.0 0.0000 80.3 87.8 0.003 

25 42 0.24 836.0 7.3 1396.4 6.8 2224.5 0.0 0.0000 25.2 33.2 0.007 

25 41 1.13 836.0 7.3 1419.7 2.9 2236.4 0.0 0.0000 37.2 56.5 0.020 

25 40 0.74 836.0 7.3 1365.9 184.8 2187.7 0.1 0.0002 -11.6 2.6 0.284 

25 39 9.45 836.0 7.3 1336.5 2.5 2153.5 27.4 0.0358 -45.7 -26.8 0.353 

25 38 1.58 836.0 7.3 1312.1 6.5 2144.7 0.1 0.0001 -54.6 -51.2 0.031 

25 37 -0.24 836.0 7.3 1328.5 236.9 2145.8 0.0 0.0000 -53.4 -34.8 0.007 

25 36 1.40 836.0 7.3 1294.0 410.1 2116.4 0.0 0.0000 -82.9 -69.3 0.020 

24 44 -4.10 804.4 24.5 1485.0 43.8 2291.3 0.2 0.0002 92.0 90.1 0.045 

24 43 1.13 804.4 24.5 1451.1 25.0 2274.0 0.0 0.0000 74.7 56.2 0.020 

24 42 -0.98 804.4 24.5 1396.4 6.8 2218.7 0.0 0.0000 19.4 1.6 0.630 

24 41 -4.77 804.4 24.5 1419.7 2.9 2230.6 2.4 0.0032 31.4 24.8 0.192 

24 40 -3.09 804.4 24.5 1365.9 184.8 2183.1 4.1 0.0053 -16.1 -29.0 0.106 

24 39 -51.77 804.4 24.5 1336.5 2.5 2138.5 64.2 0.0839 -60.8 -58.4 0.886 

24 38 -9.99 804.4 24.5 1312.1 6.5 2138.7 1.6 0.0021 -60.6 -82.8 0.121 

24 37 1.63 804.4 24.5 1328.5 236.9 2138.7 0.0 0.0000 -60.6 -66.4 0.024 

24 36 -8.62 804.4 24.5 1294.0 410.1 2109.2 0.5 0.0007 -90.0 -100.9 0.085 

23 45 -0.72 773.3 7.5 1513.9 80.5 2285.7 0.0 0.0000 86.5 88.0 0.008 

23 44 0.41 773.3 7.5 1485.0 43.8 2253.5 0.0 0.0000 54.2 59.1 0.007 

23 41 0.36 773.3 7.5 1419.7 2.9 2192.3 0.1 0.0001 -7.0 -6.2 0.058 

23 40 0.36 773.3 7.5 1365.9 184.8 2143.2 1.4 0.0019 -56.1 -60.1 0.006 

23 39 5.29 773.3 7.5 1336.5 2.5 2109.3 1.7 0.0023 -90.0 -89.5 0.059 

23 38 1.18 773.3 7.5 1312.1 6.5 2102.8 0.0 0.0000 -96.5 -113.9 0.010 

22 45 -5.30 761.5 9.6 1513.9 80.5 2271.5 0.3 0.0004 72.2 76.2 0.070 

22 44 2.09 761.5 9.6 1485.0 43.8 2237.5 1.6 0.0021 38.2 47.2 0.044 

22 43 -0.64 761.5 9.6 1451.1 25.0 2219.8 0.2 0.0003 20.6 13.3 0.048 

22 42 0.53 761.5 9.6 1396.4 6.8 2165.0 0.3 0.0003 -34.2 -41.3 0.013 

22 41 2.56 761.5 9.6 1419.7 2.9 2177.1 1.0 0.0013 -22.2 -18.0 0.142 

22 40 1.43 761.5 9.6 1365.9 184.8 2126.7 0.3 0.0004 -72.6 -71.9 0.020 

22 39 36.03 761.5 9.6 1336.5 2.5 2092.1 12.1 0.0158 -107.2 -101.3 0.356 

21 46 1.05 706.2 16.1 1596.0 10.6 2300.5 0.0 0.0000 101.2 102.9 0.010 

21 45 3.09 706.2 16.1 1513.9 80.5 2214.7 1.7 0.0022 15.5 20.9 0.148 

21 44 -2.00 706.2 16.1 1485.0 43.8 2182.5 0.6 0.0008 -16.7 -8.1 0.247 

21 43 0.71 706.2 16.1 1451.1 25.0 2164.8 0.1 0.0001 -34.4 -42.0 0.017 
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i j 
Kijk 

/ cm-1 
ω(i)   / 

cm-1 
I(i) / km 

mol-1 
ω(j)   / 

cm-1 
I(j) / km 

mol-1 
ω(ij)   / 

cm-1 
I(ij) / km 

mol-1 
I(ij) / 

I(k) 
∆ω’ ∆ω TFR 

21 42 -0.46 706.2 16.1 1396.4 6.8 2109.8 0.0 0.0000 -89.4 -96.6 0.005 

21 41 -1.47 706.2 16.1 1419.7 2.9 2120.6 0.0 0.0000 -78.7 -73.4 0.020 

20 47 -1.19 683.0 12.4 1611.2 3.5 2297.8 0.0 0.0000 98.6 95.0 0.013 

20 46 1.53 683.0 12.4 1596.0 10.6 2279.8 0.0 0.0001 80.6 79.8 0.019 

20 45 4.94 683.0 12.4 1513.9 80.5 2194.1 70.3 0.0919 -5.1 -2.3 2.176 

20 44 -2.86 683.0 12.4 1485.0 43.8 2159.8 0.2 0.0003 -39.4 -31.2 0.092 

20 43 0.80 683.0 12.4 1451.1 25.0 2142.1 0.0 0.0000 -57.1 -65.2 0.012 

20 41 -1.56 683.0 12.4 1419.7 2.9 2098.7 0.0 0.0000 -100.5 -96.5 0.016 

19 47 -0.38 650.0 1.5 1611.2 3.5 2273.6 0.0 0.0000 74.3 62.0 0.006 

19 46 -0.66 650.0 1.5 1596.0 10.6 2256.3 0.1 0.0001 57.1 46.8 0.014 

19 45 -1.40 650.0 1.5 1513.9 80.5 2170.0 0.1 0.0001 -29.3 -35.3 0.040 

19 44 0.95 650.0 1.5 1485.0 43.8 2136.8 0.2 0.0002 -62.4 -64.3 0.015 

18 47 -0.97 702.2 81.3 1611.2 3.5 2302.1 0.0 0.0000 102.8 114.2 0.008 

18 44 -0.60 702.2 81.3 1485.0 43.8 2166.5 0.1 0.0001 -32.8 -12.0 0.050 

18 43 0.34 702.2 81.3 1451.1 25.0 2147.0 0.0 0.0000 -52.2 -46.0 0.007 

18 42 -0.27 702.2 81.3 1396.4 6.8 2091.3 0.0 0.0000 -107.9 -100.6 0.003 

18 41 -0.83 702.2 81.3 1419.7 2.9 2104.6 0.0 0.0000 -94.6 -77.3 0.011 

17 48 0.33 551.7 9.9 1725.5 164.5 2269.4 0.0 0.0000 70.2 77.9 0.004 

17 47 0.40 551.7 9.9 1611.2 3.5 2158.8 0.3 0.0003 -40.5 -36.4 0.011 

16 48 -0.29 593.6 15.5 1725.5 164.5 2279.3 0.0 0.0000 80.1 119.8 0.002 

16 47 -0.83 593.6 15.5 1611.2 3.5 2168.6 0.1 0.0001 -30.6 5.5 0.149 

16 46 0.25 593.6 15.5 1596.0 10.6 2149.5 0.0 0.0000 -49.7 -9.7 0.026 

15 48 -0.38 528.4 2.3 1725.5 164.5 2273.3 0.0 0.0000 74.0 54.6 0.007 

15 47 -0.55 528.4 2.3 1611.2 3.5 2162.2 0.1 0.0001 -37.0 -59.7 0.009 

14 48 -0.75 548.8 39.4 1725.5 164.5 2274.6 0.0 0.0000 75.4 75.1 0.010 

14 47 -1.93 548.8 39.4 1611.2 3.5 2162.3 1.2 0.0016 -37.0 -39.2 0.049 

14 46 -0.31 548.8 39.4 1596.0 10.6 2143.2 0.0 0.0000 -56.1 -54.4 0.006 

13 48 0.32 483.7 12.9 1725.5 164.5 2227.7 0.1 0.0001 28.4 9.9 0.033 

13 47 0.76 483.7 12.9 1611.2 3.5 2119.0 0.2 0.0002 -80.3 -104.3 0.007 

12 48 -0.28 418.0 6.7 1725.5 164.5 2135.5 0.0 0.0000 -63.8 -55.8 0.005 

10 48 0.38 379.1 3.1 1725.5 164.5 2104.9 0.0 0.0000 -94.4 -94.6 0.004 

2 49 0.80 33.7 9.0 2199.3 765.3 2233.2 0.2 0.0003 34.0 33.7 0.024 

1 49 1.02 -71.4 65.8 2199.3 765.3 2120.8 1.1 0.0015 -78.4 -71.4 0.014 

 

 

6-31+G(d,p)  

 

i j 
Kijk 

/ cm-1 

ω(i)   / 

cm-1 

I(i) / km 

mol-1 

ω(j)   / 

cm-1 

I(j) / km 

mol-1 

ω(ij)   / 

cm-1 

I(ij) / km 

mol-1 

I(ij) / 

I(k) 
∆ω’ ∆ω TFR 

33 33 37.10 1133.9 15.1 1133.9 15.1 2265.9 13.0 0.0452 79.5 81.4 0.456 

32 32 1.35 1096.1 10.2 1096.1 10.2 2228.8 0.0 0.0000 42.4 5.7 0.235 

33 34 -13.39 1133.9 15.1 1173.3 1.5 2289.1 1.4 0.0049 102.6 120.8 0.111 

32 34 1.40 1096.1 10.2 1173.3 1.5 2267.1 0.6 0.0021 80.6 82.9 0.017 

32 33 -4.33 1096.1 10.2 1133.9 15.1 2247.5 0.3 0.0010 61.1 43.6 0.099 

31 35 -0.23 1039.8 3.7 1223.6 16.9 2262.9 0.0 0.0001 76.5 76.9 0.003 

31 34 -0.22 1039.8 3.7 1173.3 1.5 2195.1 0.0 0.0000 8.7 26.6 0.008 

30 35 -0.61 1010.0 18.0 1223.6 16.9 2232.5 0.2 0.0005 46.1 47.2 0.013 
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i j 
Kijk 

/ cm-1 
ω(i)   / 

cm-1 
I(i) / km 

mol-1 
ω(j)   / 

cm-1 
I(j) / km 

mol-1 
ω(ij)   / 

cm-1 
I(ij) / km 

mol-1 
I(ij) / 

I(k) 
∆ω’ ∆ω TFR 

30 33 -0.86 1010.0 18.0 1133.9 15.1 2143.6 0.1 0.0004 -42.8 -42.5 0.020 

29 35 -0.43 1008.0 12.5 1223.6 16.9 2229.5 0.0 0.0001 43.1 45.1 0.010 

29 34 1.01 1008.0 12.5 1173.3 1.5 2159.4 10.3 0.0357 -27.0 -5.2 0.196 

29 33 -3.65 1008.0 12.5 1133.9 15.1 2140.1 1.1 0.0038 -46.3 -44.5 0.082 

29 32 -0.64 1008.0 12.5 1096.1 10.2 2118.3 0.0 0.0001 -68.2 -82.4 0.008 

28 39 1.68 959.0 0.1 1325.0 79.6 2278.8 0.1 0.0002 92.4 97.6 0.017 

28 38 0.57 959.0 0.1 1311.5 29.0 2265.4 0.0 0.0000 79.0 84.1 0.007 

28 37 -0.27 959.0 0.1 1305.8 0.6 2255.7 0.0 0.0000 69.3 78.4 0.003 

28 36 0.41 959.0 0.1 1296.6 45.6 2252.1 0.0 0.0000 65.6 69.1 0.006 

28 35 0.26 959.0 0.1 1223.6 16.9 2176.4 0.9 0.0029 -10.0 -3.9 0.066 

28 34 -0.28 959.0 0.1 1173.3 1.5 2108.2 0.0 0.0000 -78.3 -54.2 0.005 

28 33 0.87 959.0 0.1 1133.9 15.1 2087.3 0.0 0.0001 -99.1 -93.5 0.009 

27 38 0.21 918.6 2.3 1311.5 29.0 2235.6 0.0 0.0001 49.2 43.7 0.005 

27 35 -0.26 918.6 2.3 1223.6 16.9 2146.9 0.1 0.0003 -39.5 -44.3 0.006 

26 39 3.92 900.6 0.5 1325.0 79.6 2226.8 0.6 0.0020 40.4 39.2 0.100 

26 38 1.96 900.6 0.5 1311.5 29.0 2209.9 0.0 0.0001 23.4 25.8 0.076 

26 37 -0.45 900.6 0.5 1305.8 0.6 2203.7 0.2 0.0007 17.3 20.0 0.023 

26 36 -0.22 900.6 0.5 1296.6 45.6 2199.3 0.0 0.0000 12.8 10.8 0.020 

26 35 -0.56 900.6 0.5 1223.6 16.9 2122.5 0.7 0.0024 -63.9 -62.2 0.009 

25 44 1.18 838.9 18.8 1424.7 8.9 2251.0 0.1 0.0002 64.5 77.2 0.015 

25 41 1.00 838.9 18.8 1380.1 47.6 2235.8 0.0 0.0000 49.4 32.6 0.031 

25 40 0.85 838.9 18.8 1370.2 64.7 2202.6 0.1 0.0003 16.2 22.8 0.037 

25 39 9.32 838.9 18.8 1325.0 79.6 2157.8 185.6 0.6428 -28.6 -22.5 0.415 

25 38 2.53 838.9 18.8 1311.5 29.0 2144.2 0.7 0.0026 -42.2 -35.9 0.071 

25 37 -0.93 838.9 18.8 1305.8 0.6 2137.3 0.0 0.0001 -49.1 -41.7 0.022 

25 36 1.07 838.9 18.8 1296.6 45.6 2133.8 0.0 0.0001 -52.7 -50.9 0.021 

24 44 -3.93 815.6 1.3 1424.7 8.9 2227.3 0.2 0.0006 40.8 53.8 0.073 

24 43 0.36 815.6 1.3 1434.9 3.4 2248.0 0.0 0.0000 61.6 64.1 0.006 

24 42 -0.67 815.6 1.3 1464.2 11.5 2265.0 0.0 0.0000 78.6 93.4 0.007 

24 41 -3.75 815.6 1.3 1380.1 47.6 2214.5 1.1 0.0038 28.1 9.2 0.408 

24 40 -3.33 815.6 1.3 1370.2 64.7 2181.9 11.3 0.0392 -4.5 -0.6 5.366 

24 39 -49.94 815.6 1.3 1325.0 79.6 2130.4 23.0 0.0796 -56.0 -45.9 1.089 

24 38 -15.35 815.6 1.3 1311.5 29.0 2123.1 10.7 0.0371 -63.3 -59.3 0.259 

24 37 5.21 815.6 1.3 1305.8 0.6 2115.0 0.5 0.0017 -71.4 -65.0 0.080 

24 36 -6.43 815.6 1.3 1296.6 45.6 2110.6 0.8 0.0029 -75.9 -74.3 0.087 

23 45 0.41 789.2 3.7 1506.4 7.6 2292.9 0.0 0.0000 106.5 109.2 0.004 

23 44 -0.23 789.2 3.7 1424.7 8.9 2204.7 0.0 0.0000 18.3 27.5 0.008 

23 41 -0.34 789.2 3.7 1380.1 47.6 2192.6 0.1 0.0004 6.2 -17.1 0.020 

23 39 -3.81 789.2 3.7 1325.0 79.6 2115.6 1.7 0.0058 -70.8 -72.2 0.053 

23 38 -1.06 789.2 3.7 1311.5 29.0 2101.9 0.1 0.0003 -84.6 -85.6 0.012 

23 37 0.58 789.2 3.7 1305.8 0.6 2093.9 0.1 0.0002 -92.5 -91.4 0.006 

23 36 -0.49 789.2 3.7 1296.6 45.6 2088.9 0.0 0.0000 -97.6 -100.6 0.005 

22 45 -5.05 760.4 6.7 1506.4 7.6 2270.7 0.3 0.0010 84.3 80.4 0.063 

22 44 2.03 760.4 6.7 1424.7 8.9 2182.4 1.4 0.0048 -4.0 -1.4 1.502 

22 43 -0.28 760.4 6.7 1434.9 3.4 2202.2 0.1 0.0002 15.8 8.9 0.032 

22 42 0.36 760.4 6.7 1464.2 11.5 2219.6 0.1 0.0003 33.2 38.2 0.009 

22 41 2.00 760.4 6.7 1380.1 47.6 2169.1 6.7 0.0231 -17.3 -46.0 0.044 

22 40 1.64 760.4 6.7 1370.2 64.7 2134.0 0.3 0.0010 -52.4 -55.8 0.029 
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i j 
Kijk 

/ cm-1 
ω(i)   / 

cm-1 
I(i) / km 

mol-1 
ω(j)   / 

cm-1 
I(j) / km 

mol-1 
ω(ij)   / 

cm-1 
I(ij) / km 

mol-1 
I(ij) / 

I(k) 
∆ω’ ∆ω TFR 

22 39 35.50 760.4 6.7 1325.0 79.6 2089.9 18.9 0.0656 -96.5 -101.0 0.351 

22 38 11.63 760.4 6.7 1311.5 29.0 2077.9 3.7 0.0129 -108.5 -114.5 0.102 

21 46 1.21 710.4 24.8 1587.0 3.9 2294.6 0.0 0.0001 108.1 111.0 0.011 

21 45 3.19 710.4 24.8 1506.4 7.6 2211.7 1.5 0.0052 25.3 30.4 0.105 

21 44 -2.19 710.4 24.8 1424.7 8.9 2124.9 1.9 0.0067 -61.5 -51.3 0.043 

21 43 0.42 710.4 24.8 1434.9 3.4 2144.6 0.1 0.0003 -41.8 -41.0 0.010 

21 42 -0.32 710.4 24.8 1464.2 11.5 2161.3 0.0 0.0001 -25.1 -11.7 0.027 

21 41 -1.10 710.4 24.8 1380.1 47.6 2111.2 0.0 0.0000 -75.3 -95.9 0.011 

21 40 -1.27 710.4 24.8 1370.2 64.7 2078.9 0.0 0.0001 -107.5 -105.7 0.012 

20 47 -1.07 675.8 5.8 1605.6 3.7 2281.8 0.0 0.0001 95.3 95.0 0.011 

20 46 1.66 675.8 5.8 1587.0 3.9 2263.1 0.1 0.0002 76.7 76.4 0.022 

20 45 4.70 675.8 5.8 1506.4 7.6 2178.9 733.6 2.5403 -7.5 -4.2 1.121 

20 44 -2.79 675.8 5.8 1424.7 8.9 2090.5 0.4 0.0012 -95.9 -85.9 0.033 

20 43 0.29 675.8 5.8 1434.9 3.4 2110.7 0.0 0.0000 -75.7 -75.6 0.004 

20 42 -0.43 675.8 5.8 1464.2 11.5 2128.1 0.0 0.0000 -58.3 -46.3 0.009 

20 41 -0.78 675.8 5.8 1380.1 47.6 2076.9 0.0 0.0000 -109.5 -130.5 0.006 

19 46 -0.81 640.4 1.4 1587.0 3.9 2243.1 0.1 0.0002 56.7 41.0 0.020 

19 45 -1.46 640.4 1.4 1506.4 7.6 2158.8 0.2 0.0006 -27.6 -39.7 0.037 

18 44 -0.58 707.5 133.7 1424.7 8.9 2105.6 0.1 0.0002 -80.8 -54.2 0.011 

18 43 0.30 707.5 133.7 1434.9 3.4 2126.4 0.0 0.0001 -60.0 -44.0 0.007 

18 42 -0.30 707.5 133.7 1464.2 11.5 2143.5 0.0 0.0001 -42.9 -14.6 0.020 

18 41 -0.78 707.5 133.7 1380.1 47.6 2094.2 0.0 0.0000 -92.2 -98.8 0.008 

17 48 0.36 543.4 13.5 1657.7 161.6 2193.1 0.0 0.0001 6.7 14.7 0.025 

17 47 0.58 543.4 13.5 1605.6 3.7 2142.5 0.5 0.0018 -43.9 -37.4 0.015 

16 48 -0.37 526.5 30.2 1657.7 161.6 2221.7 2.8 0.0096 35.3 -2.2 0.170 

16 47 -0.78 526.5 30.2 1605.6 3.7 2172.3 0.1 0.0002 -14.2 -54.3 0.014 

16 46 0.29 526.5 30.2 1587.0 3.9 2152.3 0.0 0.0001 -34.1 -72.9 0.004 

15 48 -0.35 515.9 4.5 1657.7 161.6 2186.2 6.6 0.0228 -0.2 -12.8 0.027 

15 47 -0.39 515.9 4.5 1605.6 3.7 2135.5 0.1 0.0002 -50.9 -65.0 0.006 

14 48 -0.93 633.1 14.2 1657.7 161.6 2228.0 0.7 0.0024 41.6 104.5 0.009 

14 47 -2.33 633.1 14.2 1605.6 3.7 2177.2 1.8 0.0062 -9.2 52.3 0.045 

13 48 0.32 489.1 4.7 1657.7 161.6 2161.0 0.1 0.0002 -25.4 -39.6 0.008 

13 47 0.68 489.1 4.7 1605.6 3.7 2111.4 0.1 0.0005 -75.0 -91.7 0.007 

3 49 0.62 77.9 6.3 2186.4 288.8 2250.0 0.6 0.0021 63.6 77.9 0.008 

2 49 1.04 39.2 1.3 2186.4 288.8 2239.6 0.3 0.0012 53.2 39.2 0.027 

 

 

6-31++G(d,p)  

 

i j 
Kijk 

/ cm-1 

ω(i)   / cm-

1 

I(i) / km 

mol-1 

ω(j)   / 

cm-1 

I(j) / km 

mol-1 

ω(ij)   / 

cm-1 

I(ij) / km 

mol-1 

I(ij) / 

I(k) 
∆ω’ ∆ω TFR 

33 33 37.07 1134.0 11.5 1134.0 11.5 2265.4 13.0 0.0181 80.2 82.8 0.448 

32 32 1.34 1094.1 8.0 1094.1 8.0 2222.2 0.0 0.0000 37.0 3.0 0.441 

33 34 -13.48 1134.0 11.5 1173.4 1.7 2291.0 1.4 0.0020 105.8 122.2 0.110 

32 34 1.40 1094.1 8.0 1173.4 1.7 2265.8 0.6 0.0009 80.6 82.3 0.017 

32 33 -4.33 1094.1 8.0 1134.0 11.5 2244.0 0.3 0.0004 58.8 42.9 0.101 

31 35 -0.23 1035.6 7.9 1224.1 40.0 2259.5 0.0 0.0000 74.3 74.4 0.003 
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i j 
Kijk 

/ cm-1 
ω(i)   / cm-

1 
I(i) / km 

mol-1 
ω(j)   / 

cm-1 
I(j) / km 

mol-1 
ω(ij)   / 

cm-1 
I(ij) / km 

mol-1 
I(ij) / 

I(k) 
∆ω’ ∆ω TFR 

31 34 -0.22 1035.6 7.9 1173.4 1.7 2193.4 0.0 0.0000 8.2 23.7 0.009 

30 35 -0.61 1006.5 25.7 1224.1 40.0 2229.5 0.2 0.0002 44.3 45.3 0.014 

30 33 -0.88 1006.5 25.7 1134.0 11.5 2139.9 0.1 0.0002 -45.3 -44.8 0.020 

29 35 -0.41 1010.7 0.4 1224.1 40.0 2232.9 0.0 0.0000 47.7 49.5 0.008 

29 34 1.02 1010.7 0.4 1173.4 1.7 2164.7 9.5 0.0133 -20.5 -1.2 0.868 

29 33 -3.62 1010.7 0.4 1134.0 11.5 2142.7 1.1 0.0015 -42.5 -40.6 0.089 

29 32 -0.65 1010.7 0.4 1094.1 8.0 2117.9 0.0 0.0000 -67.3 -80.4 0.008 

28 39 1.69 961.5 0.2 1323.1 108.7 2276.2 0.1 0.0001 91.0 99.4 0.017 

28 38 0.56 961.5 0.2 1311.1 73.7 2263.2 0.0 0.0000 78.0 87.4 0.006 

28 37 -0.26 961.5 0.2 1304.9 737.6 2254.0 0.0 0.0000 68.8 81.2 0.003 

28 36 0.43 961.5 0.2 1297.9 1440.6 2249.5 0.0 0.0000 64.3 74.2 0.006 

28 35 0.26 961.5 0.2 1224.1 40.0 2175.3 0.9 0.0012 -9.9 0.4 0.700 

28 34 -0.27 961.5 0.2 1173.4 1.7 2108.7 0.0 0.0000 -76.5 -50.3 0.005 

28 33 0.87 961.5 0.2 1134.0 11.5 2085.4 0.0 0.0000 -99.8 -89.7 0.010 

27 38 0.22 912.8 3.2 1311.1 73.7 2229.5 0.0 0.0000 44.2 38.7 0.006 

27 35 -0.25 912.8 3.2 1224.1 40.0 2141.9 0.1 0.0001 -43.3 -48.3 0.005 

26 39 3.89 896.8 0.1 1323.1 108.7 2225.2 0.6 0.0008 40.0 34.7 0.112 

26 38 1.94 896.8 0.1 1311.1 73.7 2208.7 0.0 0.0000 23.5 22.6 0.086 

26 37 -0.47 896.8 0.1 1304.9 737.6 2203.1 0.2 0.0003 17.8 16.4 0.029 

26 35 -0.56 896.8 0.1 1224.1 40.0 2122.3 0.7 0.0010 -62.9 -64.4 0.009 

25 44 1.17 839.4 12.8 1425.0 15.4 2249.4 0.1 0.0001 64.2 79.2 0.015 

25 41 0.97 839.4 12.8 1380.9 46.2 2232.1 0.0 0.0000 46.9 35.1 0.028 

25 40 0.82 839.4 12.8 1364.7 31.7 2195.9 0.1 0.0001 10.7 19.0 0.043 

25 39 9.03 839.4 12.8 1323.1 108.7 2154.3 183.9 0.2562 -30.9 -22.7 0.398 

25 38 2.43 839.4 12.8 1311.1 73.7 2141.2 0.7 0.0010 -44.0 -34.7 0.070 

25 37 -0.86 839.4 12.8 1304.9 737.6 2134.8 0.0 0.0000 -50.4 -40.9 0.021 

25 36 1.09 839.4 12.8 1297.9 1440.6 2130.2 0.0 0.0000 -55.0 -47.8 0.023 

24 44 -3.95 816.9 3.8 1425.0 15.4 2228.2 0.2 0.0002 43.0 56.7 0.070 

24 43 0.35 816.9 3.8 1430.8 6.6 2245.9 0.0 0.0000 60.7 62.5 0.006 

24 42 -0.67 816.9 3.8 1458.4 22.3 2257.5 0.0 0.0000 72.3 90.2 0.007 

24 41 -3.75 816.9 3.8 1380.9 46.2 2213.3 1.1 0.0015 28.1 12.6 0.298 

24 40 -3.31 816.9 3.8 1364.7 31.7 2177.6 11.0 0.0154 -7.6 -3.5 0.934 

24 39 -49.96 816.9 3.8 1323.1 108.7 2129.3 71.7 0.0999 -55.9 -45.2 1.106 

24 38 -15.26 816.9 3.8 1311.1 73.7 2122.4 10.6 0.0147 -62.8 -57.2 0.267 

24 37 4.95 816.9 3.8 1304.9 737.6 2115.0 0.4 0.0006 -70.2 -63.4 0.078 

24 36 -6.72 816.9 3.8 1297.9 1440.6 2109.7 0.9 0.0012 -75.6 -70.3 0.095 

23 45 0.39 786.0 4.3 1502.3 71.8 2284.4 0.0 0.0000 99.2 103.1 0.004 

23 44 -0.22 786.0 4.3 1425.0 15.4 2199.9 0.0 0.0000 14.7 25.7 0.009 

23 41 -0.33 786.0 4.3 1380.9 46.2 2185.5 0.1 0.0001 0.3 -18.4 0.018 

23 39 -3.68 786.0 4.3 1323.1 108.7 2108.8 1.6 0.0022 -76.4 -76.1 0.048 

23 38 -1.02 786.0 4.3 1311.1 73.7 2095.4 0.1 0.0001 -89.8 -88.2 0.012 

23 37 0.55 786.0 4.3 1304.9 737.6 2088.0 0.1 0.0001 -97.2 -94.3 0.006 

23 36 -0.50 786.0 4.3 1297.9 1440.6 2082.1 0.0 0.0000 -103.1 -101.3 0.005 

22 45 -5.03 754.0 8.7 1502.3 71.8 2268.9 0.3 0.0004 83.7 71.2 0.071 

22 44 2.03 754.0 8.7 1425.0 15.4 2184.2 1.4 0.0019 -1.0 -6.2 0.327 
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i j 
Kijk 

/ cm-1 
ω(i)   / cm-

1 
I(i) / km 

mol-1 
ω(j)   / 

cm-1 
I(j) / km 

mol-1 
ω(ij)   / 

cm-1 
I(ij) / km 

mol-1 
I(ij) / 

I(k) 
∆ω’ ∆ω TFR 

22 43 -0.28 754.0 8.7 1430.8 6.6 2201.0 0.0 0.0001 15.8 -0.4 0.723 

22 42 0.36 754.0 8.7 1458.4 22.3 2212.6 0.1 0.0001 27.4 27.3 0.013 

22 41 1.99 754.0 8.7 1380.9 46.2 2168.8 6.7 0.0094 -50.3 -16.4 0.040 

22 40 1.62 754.0 8.7 1364.7 31.7 2130.7 0.3 0.0004 -66.4 -54.6 0.024 

22 39 35.40 754.0 8.7 1323.1 108.7 2089.8 18.9 0.0263 -108.1 -95.4 0.328 

22 38 11.54 754.0 8.7 1311.1 73.7 2078.2 3.7 0.0051 -120.1 -107.0 0.096 

21 46 1.16 709.0 12.9 1586.7 3.5 2292.7 0.0 0.0000 110.5 107.5 0.010 

21 45 3.07 709.0 12.9 1502.3 71.8 2207.8 1.2 0.0017 26.1 22.6 0.117 

21 44 -2.11 709.0 12.9 1425.0 15.4 2124.4 2.4 0.0033 -51.2 -60.8 0.041 

21 43 0.40 709.0 12.9 1430.8 6.6 2141.1 0.1 0.0001 -45.4 -44.1 0.009 

21 42 -0.31 709.0 12.9 1458.4 22.3 2152.5 0.0 0.0000 -17.7 -32.7 0.017 

21 41 -1.08 709.0 12.9 1380.9 46.2 2107.7 0.0 0.0000 -95.3 -77.5 0.011 

20 47 -1.09 675.0 5.2 1604.1 4.2 2280.6 0.0 0.0000 93.9 95.4 0.012 

20 46 1.70 675.0 5.2 1586.7 3.5 2262.8 0.1 0.0001 76.4 77.6 0.022 

20 45 4.79 675.0 5.2 1502.3 71.8 2175.6 21.7 0.0302 -7.9 -9.6 0.608 

20 44 -2.87 675.0 5.2 1425.0 15.4 2091.4 0.4 0.0005 -85.3 -93.8 0.034 

20 43 0.30 675.0 5.2 1430.8 6.6 2108.5 0.0 0.0000 -79.4 -76.7 0.004 

20 42 -0.45 675.0 5.2 1458.4 22.3 2120.1 0.0 0.0000 -51.8 -65.1 0.009 

20 41 -0.81 675.0 5.2 1380.9 46.2 2075.7 0.0 0.0000 -129.3 -109.5 0.006 

19 46 -0.80 642.2 0.9 1586.7 3.5 2241.8 0.1 0.0001 43.6 56.6 0.018 

19 45 -1.45 642.2 0.9 1502.3 71.8 2155.3 0.2 0.0002 -40.7 -29.9 0.036 

18 44 -0.56 711.7 165.6 1425.0 15.4 2112.9 0.1 0.0001 -48.5 -72.3 0.012 

18 43 0.29 711.7 165.6 1430.8 6.6 2130.5 0.0 0.0000 -42.7 -54.7 0.007 

18 42 -0.29 711.7 165.6 1458.4 22.3 2142.0 0.0 0.0000 -15.0 -43.2 0.020 

18 41 -0.77 711.7 165.6 1380.9 46.2 2099.2 0.0 0.0000 -92.6 -86.0 0.008 

17 48 0.37 543.0 14.4 1657.8 65.9 2192.9 0.0 0.0001 15.7 7.7 0.023 

17 47 0.59 543.0 14.4 1604.1 4.2 2141.4 0.5 0.0007 -38.0 -43.8 0.015 

16 48 -0.38 523.9 30.2 1657.8 65.9 2226.1 3.7 0.0052 -3.5 40.9 0.108 

16 47 -0.78 523.9 30.2 1604.1 4.2 2175.5 0.1 0.0001 -57.2 -9.7 0.014 

16 46 0.30 523.9 30.2 1586.7 3.5 2156.2 0.0 0.0000 -74.7 -29.0 0.004 

15 48 -0.33 516.5 3.7 1657.8 65.9 2186.8 3.8 0.0053 -10.8 1.6 0.031 

15 47 -0.36 516.5 3.7 1604.1 4.2 2134.8 0.0 0.0001 -64.5 -50.4 0.006 

14 48 -0.91 644.6 13.4 1657.8 65.9 2230.6 0.7 0.0010 117.3 45.4 0.008 

14 47 -2.30 644.6 13.4 1604.1 4.2 2178.5 1.7 0.0024 63.6 -6.7 0.036 

13 48 0.36 486.7 7.6 1657.8 65.9 2161.4 0.1 0.0001 -40.7 -23.8 0.009 

13 47 0.80 486.7 7.6 1604.1 4.2 2110.6 0.2 0.0003 -94.4 -74.6 0.008 

3 49 0.61 73.2 8.8 2185.2 717.9 2243.3 0.6 0.0009 73.2 58.1 0.008 

2 49 1.02 36.8 1.8 2185.2 717.9 2233.2 0.3 0.0004 36.8 48.0 0.028 
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6-311G(d,p)  

 

i j 
Kijk 

/ cm-1 

ω(i)   / 

cm-1 

I(i) / km 

mol-1 

ω(j)   / 

cm-1 

I(j) / km 

mol-1 

ω(ij)   / 

cm-1 

I(ij) / km 

mol-1 

I(ij) / 

I(k) 
∆ω’ ∆ω TFR 

33 33 34.95 1133.1 15.5 1133.1 15.5 2263.5 11.2 0.0370 79.2 81.9 0.427 

32 32 1.39 1129.2 5.6 1129.2 5.6 2269.6 0.0 0.0001 85.3 74.0 0.019 

32 33 -5.13 1129.2 5.6 1133.1 15.5 2266.0 0.5 0.0016 81.7 78.0 0.066 

31 34 -0.24 1033.3 7.4 1199.9 6.2 2225.7 0.0 0.0000 41.5 48.9 0.005 

30 34 1.02 1022.0 7.2 1199.9 6.2 2214.9 0.2 0.0008 30.6 37.6 0.027 

30 33 -3.39 1022.0 7.2 1133.1 15.5 2152.2 0.8 0.0026 -32.1 -29.2 0.116 

30 32 -0.66 1022.0 7.2 1129.2 5.6 2152.9 0.0 0.0001 -31.4 -33.2 0.020 

29 35 -0.60 1012.3 10.6 1218.1 31.2 2231.1 0.2 0.0006 46.8 46.0 0.013 

29 33 -0.94 1012.3 10.6 1133.1 15.5 2146.6 0.1 0.0004 -37.7 -38.9 0.024 

28 39 1.73 918.3 3.0 1325.3 52.0 2246.0 0.1 0.0002 61.7 59.3 0.029 

28 38 0.23 918.3 3.0 1304.2 10.1 2224.9 0.0 0.0000 40.6 38.2 0.006 

28 37 0.45 918.3 3.0 1313.6 1260.5 2233.3 0.0 0.0000 49.0 47.6 0.009 

28 36 -0.37 918.3 3.0 1294.5 2.1 2214.6 0.0 0.0000 30.3 28.4 0.013 

28 35 0.25 918.3 3.0 1218.1 31.2 2138.4 0.5 0.0017 -45.9 -48.0 0.005 

28 34 -0.24 918.3 3.0 1199.9 6.2 2115.1 0.0 0.0000 -69.2 -66.1 0.004 

27 34 -0.27 896.3 1.6 1199.9 6.2 2095.4 0.0 0.0001 -88.9 -88.1 0.003 

26 39 3.88 913.2 1.7 1325.3 52.0 2231.9 0.5 0.0017 47.6 54.2 0.072 

26 38 1.53 913.2 1.7 1304.2 10.1 2209.2 0.0 0.0001 24.9 33.2 0.046 

26 37 0.24 913.2 1.7 1313.6 1260.5 2218.5 0.0 0.0001 34.2 42.6 0.006 

26 35 -0.62 913.2 1.7 1218.1 31.2 2122.0 0.7 0.0023 -62.3 -53.0 0.012 

26 34 -0.36 913.2 1.7 1199.9 6.2 2101.8 0.1 0.0002 -82.5 -71.2 0.005 

25 44 0.72 809.1 17.7 1460.8 13.8 2268.6 0.0 0.0001 84.3 85.6 0.008 

25 41 0.53 809.1 17.7 1397.5 1.2 2209.0 0.0 0.0000 24.7 22.3 0.024 

25 40 0.48 809.1 17.7 1354.3 8.5 2163.3 0.1 0.0002 -21.0 -20.8 0.023 

25 39 4.21 809.1 17.7 1325.3 52.0 2134.6 74.8 0.2476 -49.7 -49.9 0.084 

25 38 0.36 809.1 17.7 1304.2 10.1 2114.2 0.0 0.0000 -70.1 -70.9 0.005 

25 37 0.49 809.1 17.7 1313.6 1260.5 2123.3 0.0 0.0000 -61.0 -61.5 0.008 

25 36 -0.32 809.1 17.7 1294.5 2.1 2103.6 0.0 0.0000 -80.7 -80.7 0.004 

24 44 -4.30 829.1 11.5 1460.8 13.8 2270.9 0.2 0.0008 86.6 105.6 0.041 

24 42 -0.75 829.1 11.5 1476.9 116.4 2273.0 0.0 0.0000 88.7 121.7 0.006 

24 41 -3.67 829.1 11.5 1397.5 1.2 2212.5 1.2 0.0039 28.2 42.3 0.087 

24 40 -3.99 829.1 11.5 1354.3 8.5 2168.5 314.6 1.0410 -15.8 -0.9 4.421 

24 39 -53.06 829.1 11.5 1325.3 52.0 2128.7 51.4 0.1701 -55.5 -29.9 1.774 

24 38 -8.22 829.1 11.5 1304.2 10.1 2116.4 1.1 0.0035 -67.9 -51.0 0.161 

24 37 -8.42 829.1 11.5 1313.6 1260.5 2125.5 0.9 0.0031 -58.8 -41.6 0.203 

24 36 5.01 829.1 11.5 1294.5 2.1 2106.2 0.2 0.0006 -78.1 -60.8 0.082 

23 45 -1.44 758.5 1.4 1512.6 78.0 2267.2 0.1 0.0003 82.9 86.8 0.017 

23 44 0.96 758.5 1.4 1460.8 13.8 2224.2 0.0 0.0000 39.9 35.0 0.028 

23 41 0.75 758.5 1.4 1397.5 1.2 2165.0 0.1 0.0003 -19.3 -28.4 0.026 

23 40 0.94 758.5 1.4 1354.3 8.5 2119.1 0.2 0.0005 -65.2 -71.5 0.013 
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i j 
Kijk 

/ cm-1 
ω(i)   / 

cm-1 
I(i) / km 

mol-1 
ω(j)   / 

cm-1 
I(j) / km 

mol-1 
ω(ij)   / 

cm-1 
I(ij) / km 

mol-1 
I(ij) / 

I(k) 
∆ω’ ∆ω TFR 

23 39 11.48 758.5 1.4 1325.3 52.0 2089.7 14.5 0.0481 -94.6 -100.5 0.114 

23 37 2.04 758.5 1.4 1313.6 1260.5 2077.3 0.1 0.0002 -107 -112.2 0.018 

22 45 -4.86 753.4 16.1 1512.6 78.0 2265.1 0.3 0.0008 80.8 81.7 0.059 

22 44 2.04 753.4 16.1 1460.8 13.8 2221.6 1.3 0.0044 37.3 29.9 0.068 

22 42 0.40 753.4 16.1 1476.9 116.4 2221.9 0.1 0.0003 37.6 46 0.009 

22 41 1.82 753.4 16.1 1397.5 1.2 2161.8 2.2 0.0073 -22.5 -33.4 0.055 

22 40 1.84 753.4 16.1 1354.3 8.5 2114.4 0.3 0.0010 -69.9 -76.6 0.024 

22 39 34.06 753.4 16.1 1325.3 52.0 2085.2 14.6 0.0484 -99 -105.6 0.323 

22 37 6.42 753.4 16.1 1313.6 1260.5 2074.6 1.3 0.0043 -109.7 -117.2 0.055 

21 46 -1.06 711.9 14.5 1578.6 1.5 2288.5 0.0 0.0001 104.3 106.2 0.010 

21 45 -3.06 711.9 14.5 1512.6 78.0 2213.7 0.7 0.0022 29.4 40.2 0.076 

21 44 2.04 711.9 14.5 1460.8 13.8 2170.6 11.1 0.0368 -13.7 -11.6 0.176 

21 42 0.28 711.9 14.5 1476.9 116.4 2171.4 0.0 0.0000 -12.9 4.5 0.063 

21 41 1.08 711.9 14.5 1397.5 1.2 2110.8 0.0 0.0000 -73.5 -74.9 0.014 

20 47 -1.23 683.5 18.1 1603.5 1.3 2288.3 0.0 0.0001 104.1 102.7 0.012 

20 46 1.53 683.5 18.1 1578.6 1.5 2260.5 0.1 0.0002 76.2 77.8 0.020 

20 45 4.94 683.5 18.1 1512.6 78.0 2187.6 219.1 0.7249 3.3 11.8 0.420 

20 44 -3.00 683.5 18.1 1460.8 13.8 2142.5 0.5 0.0016 -41.8 -40 0.075 

20 42 -0.47 683.5 18.1 1476.9 116.4 2144.1 0.0 0.0000 -40.2 -23.9 0.020 

20 41 -0.94 683.5 18.1 1397.5 1.2 2083.1 0.0 0.0001 -101.2 -103.4 0.009 

19 47 -0.43 643.5 3.6 1603.5 1.3 2273.5 0.0 0.0000 89.2 62.8 0.007 

19 46 -0.64 643.5 3.6 1578.6 1.5 2248.7 0.1 0.0002 64.4 37.9 0.017 

19 45 -1.27 643.5 3.6 1512.6 78.0 2172.4 0.1 0.0005 -11.9 -28.1 0.045 

19 44 0.78 643.5 3.6 1460.8 13.8 2132.1 0.1 0.0005 -52.2 -79.9 0.010 

18 47 -0.91 706.3 117.7 1603.5 1.3 2280.4 0.0 0.0001 96.1 125.6 0.007 

18 46 0.25 706.3 117.7 1578.6 1.5 2255.0 0.0 0.0000 70.7 100.7 0.003 

18 44 -0.83 706.3 117.7 1460.8 13.8 2138.8 0.1 0.0004 -45.5 -17.2 0.048 

18 42 -0.26 706.3 117.7 1476.9 116.4 2135.5 0.0 0.0000 -48.8 -1 0.250 

18 41 -0.73 706.3 117.7 1397.5 1.2 2076.2 0.0 0.0000 -108.1 -80.5 0.009 

17 48 0.34 546.6 19.7 1699.3 255.2 2238.5 0.0 0.0001 54.2 61.6 0.006 

17 47 0.43 546.6 19.7 1603.5 1.3 2145.0 0.3 0.0009 -39.3 -34.1 0.013 

16 48 -0.39 526.6 19.6 1699.3 255.2 2268.5 0.0 0.0001 84.2 41.5 0.009 

16 47 -0.86 526.6 19.6 1603.5 1.3 2175.1 0.1 0.0002 -9.2 -54.2 0.016 

16 46 0.36 526.6 19.6 1578.6 1.5 2148.4 0.0 0.0001 -35.9 -79.1 0.005 

15 48 -0.30 537.9 11.9 1699.3 255.2 2245.8 0.0 0.0000 61.5 52.8 0.006 

15 47 -0.28 537.9 11.9 1603.5 1.3 2151.7 0.0 0.0001 -32.6 -42.9 0.006 

14 48 -0.89 634.0 6.9 1699.3 255.2 2271.4 1.6 0.0055 87.1 149 0.006 

14 47 -2.18 634.0 6.9 1603.5 1.3 2176.0 1.5 0.0051 -8.3 53.3 0.041 

14 46 -0.39 634.0 6.9 1578.6 1.5 2149.4 0.0 0.0001 -34.9 28.4 0.014 

14 45 -0.30 634.0 6.9 1512.6 78.0 2074.8 0.1 0.0003 -109.5 -37.7 0.008 

13 48 0.34 470.3 6.6 1699.3 255.2 2179.8 1.2 0.0040 -4.4 -14.8 0.023 

13 47 0.79 470.3 6.6 1603.5 1.3 2088.1 0.2 0.0006 -96.1 -110.5 0.007 
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i j 
Kijk 

/ cm-1 
ω(i)   / 

cm-1 
I(i) / km 

mol-1 
ω(j)   / 

cm-1 
I(j) / km 

mol-1 
ω(ij)   / 

cm-1 
I(ij) / km 

mol-1 
I(ij) / 

I(k) 
∆ω’ ∆ω TFR 

6 42 -0.51 598.3 22.2 1476.9 116.4 2074.4 2.2 0.0073 -109.9 -109.1 0.005 

3 49 0.57 28.2 1.1 2184.3 302.2 2206.3 0.5 0.0017 22.1 28.2 0.020 

2 49 1.09 -12.0 1.9 2184.3 302.2 2166.2 0.1 0.0003 -18.1 -12.0 0.091 

1 49 0.95 14.0 0.6 2184.3 302.2 2197.8 1.3 0.0044 13.5 14.0 0.068 

 

 

6-311+G(d,p)  

 

i j 
Kijk 

/ cm-1 

ω(i)   / 

cm-1 

I(i) / km 

mol-1 

ω(j)   / 

cm-1 

I(j) / km 

mol-1 

ω(ij)   / 

cm-1 

I(ij) / km 

mol-1 

I(ij) / 

I(k) 
∆ω’ ∆ω TFR 

34 34 5.11 1103.4 26.5 1103.4 26.5 2208.2 0.1 0.0001 33.8 32.3 0.158 

33 33 35.16 1136.7 4.0 1136.7 4.0 2239.0 11.3 0.0142 64.6 99.1 0.355 

32 32 1.61 1045.4 50.1 1045.4 50.1 2111.8 0.0 0.0000 -62.6 -83.6 0.019 

33 34 -12.93 1136.7 4.0 1103.4 26.5 2225.5 1.2 0.0015 51.1 65.7 0.197 

32 35 -0.56 1045.4 50.1 1208.6 57.9 2266.5 0.0 0.0000 92.1 79.6 0.007 

32 34 1.56 1045.4 50.1 1103.4 26.5 2158.1 0.7 0.0009 -16.3 -25.7 0.061 

32 33 -5.12 1045.4 50.1 1136.7 4.0 2175.5 0.4 0.0005 1.1 7.7 0.663 

31 37 -0.28 1010.7 3.3 1233.6 478.1 2252.6 0.0 0.0000 78.2 69.8 0.004 

31 35 -0.24 1010.7 3.3 1208.6 57.9 2223.5 0.0 0.0000 49.0 44.8 0.005 

31 34 -0.23 1010.7 3.3 1103.4 26.5 2117.7 0.0 0.0000 -56.7 -60.4 0.004 

30 38 1.34 983.6 792.4 1294.1 112.6 2271.5 0.5 0.0006 97.1 103.2 0.013 

30 37 0.60 983.6 792.4 1233.6 478.1 2220.6 0.2 0.0002 46.2 42.7 0.014 

30 36 0.30 983.6 792.4 1288.5 58.2 2261.2 0.1 0.0001 86.8 97.6 0.003 

30 35 -0.51 983.6 792.4 1208.6 57.9 2192.0 0.1 0.0002 17.5 17.8 0.029 

30 34 -0.22 983.6 792.4 1103.4 26.5 2085.7 0.0 0.0000 -88.7 -87.5 0.002 

30 33 0.27 983.6 792.4 1136.7 4.0 2101.2 0.0 0.0000 -73.2 -54.1 0.005 

29 38 -2.72 992.6 1063.8 1294.1 112.6 2282.6 0.5 0.0006 108.2 112.3 0.024 

29 37 -1.72 992.6 1063.8 1233.6 478.1 2229.7 0.2 0.0002 55.3 51.8 0.033 

29 36 -1.32 992.6 1063.8 1288.5 58.2 2269.1 0.0 0.0000 94.7 106.7 0.012 

29 35 -0.34 992.6 1063.8 1208.6 57.9 2201.2 0.0 0.0000 26.8 26.8 0.013 

29 34 0.80 992.6 1063.8 1103.4 26.5 2092.5 1.1 0.0014 -81.9 -78.4 0.010 

29 33 -3.33 992.6 1063.8 1136.7 4.0 2110.5 1.3 0.0016 -63.9 -45.1 0.074 

28 39 1.70 947.4 6.7 1312.7 93.1 2248.2 0.0 0.0001 73.7 85.7 0.020 

28 38 0.43 947.4 6.7 1294.1 112.6 2229.6 0.0 0.0000 55.1 67.1 0.006 

28 37 0.46 947.4 6.7 1233.6 478.1 2177.6 0.0 0.0000 3.2 6.6 0.070 

28 36 -0.27 947.4 6.7 1288.5 58.2 2217.5 0.0 0.0000 43.1 61.5 0.004 

28 35 0.22 947.4 6.7 1208.6 57.9 2147.2 0.1 0.0002 -27.2 -18.4 0.012 

27 38 0.20 875.9 5.6 1294.1 112.6 2188.6 0.0 0.0000 14.2 -4.4 0.046 

26 44 0.77 898.2 14.5 1369.6 85.1 2271.9 0.3 0.0004 97.5 93.3 0.008 

26 43 -0.42 898.2 14.5 1411.2 15.5 2250.5 0.0 0.0000 76.1 134.9 0.003 

26 39 3.32 898.2 14.5 1312.7 93.1 2206.3 0.4 0.0005 31.9 36.5 0.091 

26 38 1.63 898.2 14.5 1294.1 112.6 2186.1 0.0 0.0001 11.7 17.8 0.091 

26 35 -0.66 898.2 14.5 1208.6 57.9 2104.5 0.7 0.0009 -69.9 -67.6 0.010 

25 44 0.96 829.8 21.0 1369.6 85.1 2201.5 0.1 0.0001 27.1 25.0 0.038 

25 41 0.69 829.8 21.0 1398.8 1.8 2213.6 0.0 0.0000 39.2 54.2 0.013 

25 40 0.66 829.8 21.0 1355.1 17.5 2170.1 0.1 0.0001 -4.3 10.5 0.063 
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i j 
Kijk 

/ cm-1 
ω(i)   / 

cm-1 
I(i) / km 

mol-1 
ω(j)   / 

cm-1 
I(j) / km 

mol-1 
ω(ij)   / 

cm-1 
I(ij) / km 

mol-1 
I(ij) / 

I(k) 
∆ω’ ∆ω TFR 

25 39 6.54 829.8 21.0 1312.7 93.1 2133.0 1.5 0.0018 -41.4 -31.9 0.205 

25 38 1.23 829.8 21.0 1294.1 112.6 2114.3 0.2 0.0002 -60.1 -50.5 0.024 

25 36 -0.50 829.8 21.0 1288.5 58.2 2101.9 0.0 0.0000 -72.5 -56.2 0.009 

24 45 -5.64 806.2 1.4 1487.9 21.1 2280.7 1.6 0.0020 106.3 119.6 0.047 

24 44 4.03 806.2 1.4 1369.6 85.1 2184.3 0.2 0.0003 9.9 1.3 2.994 

24 42 0.55 806.2 1.4 1250.9 150.1 2117.1 0.0 0.0000 -57.3 -117.4 0.005 

24 41 3.21 806.2 1.4 1398.8 1.8 2196.4 0.8 0.0010 22.0 30.6 0.105 

24 40 3.53 806.2 1.4 1355.1 17.5 2153.3 9.8 0.0123 -21.2 -13.1 0.269 

24 39 52.78 806.2 1.4 1312.7 93.1 2107.5 52.4 0.0659 -66.9 -55.5 0.950 

24 38 12.79 806.2 1.4 1294.1 112.6 2096.7 6.6 0.0083 -77.7 -74.2 0.172 

24 36 -4.20 806.2 1.4 1288.5 58.2 2084.2 0.3 0.0003 -90.3 -79.8 0.053 

23 45 0.25 774.5 6.7 1487.9 21.1 2238.5 0.0 0.0000 64.1 87.9 0.003 

23 39 -3.18 774.5 6.7 1312.7 93.1 2074.2 1.6 0.0021 -100.2 -87.3 0.036 

22 45 -4.74 734.6 12.9 1487.9 21.1 2229.3 0.2 0.0003 54.9 48.1 0.099 

22 44 1.97 734.6 12.9 1369.6 85.1 2133.8 1.2 0.0015 -40.6 -70.2 0.028 

22 42 0.28 734.6 12.9 1250.9 150.1 2065.1 0.0 0.0000 -109.3 -189.0 0.001 

22 41 1.61 734.6 12.9 1398.8 1.8 2144.7 37.0 0.0465 -29.7 -41.0 0.039 

22 40 1.66 734.6 12.9 1355.1 17.5 2099.5 0.3 0.0003 -74.9 -84.7 0.020 

21 46 -1.17 700.4 10.7 1572.4 2.4 2272.7 0.0 0.0000 98.2 98.4 0.012 

21 45 -3.08 700.4 10.7 1487.9 21.1 2178.2 0.7 0.0008 3.8 13.8 0.223 

21 44 2.10 700.4 10.7 1369.6 85.1 2083.2 43.5 0.0547 -91.2 -104.5 0.020 

21 41 0.90 700.4 10.7 1398.8 1.8 2093.9 0.0 0.0000 -80.5 -75.3 0.012 

20 47 -1.06 665.6 4.8 1601.2 10.2 2257.7 0.0 0.0000 83.3 92.4 0.011 

20 46 1.62 665.6 4.8 1572.4 2.4 2233.6 0.1 0.0001 59.2 63.7 0.025 

20 45 4.69 665.6 4.8 1487.9 21.1 2140.2 115.1 0.1448 -34.2 -20.9 0.224 

19 47 -0.25 636.1 4.0 1601.2 10.2 2227.9 0.0 0.0000 53.5 62.9 0.004 

19 46 -0.73 636.1 4.0 1572.4 2.4 2207.8 0.0 0.0001 33.4 34.1 0.021 

19 45 -1.27 636.1 4.0 1487.9 21.1 2111.2 0.2 0.0002 -63.2 -50.4 0.025 

18 48 -0.39 578.1 24.7 1648.5 135.7 2225.3 0.1 0.0001 50.9 52.2 0.007 

18 47 -0.90 578.1 24.7 1601.2 10.2 2174.4 0.0 0.0000 -0.1 4.8 0.185 

17 48 0.33 537.1 9.7 1648.5 135.7 2166.2 0.0 0.0000 -8.2 11.2 0.030 

17 47 0.53 537.1 9.7 1601.2 10.2 2113.8 0.5 0.0006 -60.7 -36.2 0.015 

16 48 -0.39 518.7 54.9 1648.5 135.7 2120.3 0.3 0.0003 -54.2 -7.2 0.054 

16 47 -0.77 518.7 54.9 1601.2 10.2 2068.7 0.1 0.0001 -105.7 -54.5 0.014 

15 48 -0.40 466.2 37.3 1648.5 135.7 2125.0 3.0 0.0038 -49.4 -59.8 0.007 

15 47 -0.45 466.2 37.3 1601.2 10.2 2072.7 0.1 0.0001 -101.7 -107.1 0.004 

14 48 -1.01 384.8 55.5 1648.5 135.7 2090.2 0.9 0.0011 -84.3 -141.1 0.007 

13 47 0.35 483.7 5.7 1601.2 10.2 2077.2 0.0 0.0000 -97.3 -89.5 0.004 

5 49 6.41 82.0 0.5 2174.4 795.2 2249.7 0.4 0.0005 75.3 82.0 0.078 
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6-311++G(d,p)  

 

i j 
Kijk 

/ cm-1 

ω(i)   / 

cm-1 

I(i) / km 

mol-1 

ω(j)   / 

cm-1 

I(j) / km 

mol-1 

ω(ij)   / 

cm-1 

I(ij) / km 

mol-1 

I(ij) / 

I(k) 
∆ω’ ∆ω TFR 

34 34 5.12 1155.3 1.5 1155.3 1.5 2257.8 0.1 0.0002 83.7 136.5 0.038 

33 33 35.16 1125.8 10.3 1125.8 10.3 2248.9 11.3 0.0194 74.8 77.5 0.454 

32 32 1.59 1069.7 20.2 1069.7 20.2 2190.9 0.0 0.0000 16.8 -34.8 0.046 

33 34 -12.98 1125.8 10.3 1155.3 1.5 2255.2 1.2 0.0021 81.0 107.0 0.121 

32 34 1.55 1069.7 20.2 1155.3 1.5 2223.0 0.7 0.0012 48.8 50.9 0.030 

32 33 -5.10 1069.7 20.2 1125.8 10.3 2219.9 0.4 0.0007 45.7 21.4 0.239 

31 35 -0.24 1030.9 10.8 1214.2 17.5 2244.5 0.0 0.0001 70.3 71.0 0.003 

31 34 -0.23 1030.9 10.8 1155.3 1.5 2160.9 0.0 0.0000 -13.3 12.1 0.019 

30 35 -0.48 1010.8 30.5 1214.2 17.5 2217.6 0.1 0.0002 43.5 50.8 0.009 

30 34 -0.28 1010.8 30.5 1155.3 1.5 2133.8 0.1 0.0001 -40.3 -8.1 0.035 

30 33 0.55 1010.8 30.5 1125.8 10.3 2129.4 0.0 0.0000 -44.7 -37.5 0.015 

30 32 0.36 1010.8 30.5 1069.7 20.2 2098.4 0.0 0.0001 -75.8 -93.7 0.004 

29 37 -1.66 990.3 0.9 1270.8 12.1 2275.2 0.2 0.0004 101.1 87.0 0.019 

29 36 -1.30 990.3 0.9 1292.5 5.2 2276.1 0.0 0.0000 101.9 108.6 0.012 

29 35 -0.36 990.3 0.9 1214.2 17.5 2209.1 0.0 0.0001 35.0 30.3 0.012 

29 34 0.77 990.3 0.9 1155.3 1.5 2123.1 1.0 0.0018 -51.0 -28.6 0.027 

29 33 -3.28 990.3 0.9 1125.8 10.3 2120.8 1.3 0.0022 -53.3 -58.0 0.056 

29 32 -0.55 990.3 0.9 1069.7 20.2 2088.5 0.0 0.0000 -85.6 -114.2 0.005 

28 39 1.70 954.8 0.2 1315.0 38.3 2253.5 0.0 0.0001 79.3 95.7 0.018 

28 38 0.43 954.8 0.2 1299.1 21.2 2237.4 0.0 0.0000 63.3 79.7 0.005 

28 37 0.46 954.8 0.2 1270.8 12.1 2221.1 0.0 0.0000 47.0 51.5 0.009 

28 36 -0.27 954.8 0.2 1292.5 5.2 2222.3 0.0 0.0000 48.2 73.1 0.004 

28 35 0.22 954.8 0.2 1214.2 17.5 2153.2 0.1 0.0002 -20.9 -5.2 0.042 

28 34 -0.24 954.8 0.2 1155.3 1.5 2068.6 0.0 0.0000 -105.5 -64.0 0.004 

28 33 0.88 954.8 0.2 1125.8 10.3 2065.5 0.0 0.0000 -108.6 -93.5 0.009 

27 38 0.21 882.9 2.8 1299.1 21.2 2199.8 0.0 0.0001 25.7 7.8 0.027 

26 44 0.77 900.9 4.3 1367.1 42.9 2277.8 0.3 0.0005 103.7 93.9 0.008 

26 39 3.32 900.9 4.3 1315.0 38.3 2209.4 0.4 0.0006 35.2 41.8 0.079 

26 38 1.62 900.9 4.3 1299.1 21.2 2191.7 0.0 0.0001 17.5 25.9 0.063 

26 35 -0.66 900.9 4.3 1214.2 17.5 2108.3 0.7 0.0013 -65.8 -59.0 0.011 

25 44 0.94 832.6 19.7 1367.1 42.9 2209.4 0.1 0.0001 35.2 25.6 0.037 

25 41 0.68 832.6 19.7 1406.4 5.4 2217.6 0.0 0.0000 43.5 64.9 0.010 

25 40 0.64 832.6 19.7 1357.9 23.6 2184.7 0.1 0.0001 10.5 16.4 0.039 

25 39 6.32 832.6 19.7 1315.0 38.3 2137.8 1.3 0.0022 -36.3 -26.5 0.239 

25 38 1.18 832.6 19.7 1299.1 21.2 2121.7 0.2 0.0003 -52.4 -42.4 0.028 

25 37 0.82 832.6 19.7 1270.8 12.1 2106.8 0.0 0.0000 -67.4 -70.6 0.012 

25 36 -0.48 832.6 19.7 1292.5 5.2 2106.3 0.0 0.0000 -67.8 -49.0 0.010 

24 44 4.03 808.4 3.9 1367.1 42.9 2192.7 0.2 0.0003 18.5 1.4 2.948 

24 42 0.55 808.4 3.9 1430.4 3.0 2235.5 0.0 0.0000 61.4 64.7 0.008 

24 41 3.20 808.4 3.9 1406.4 5.4 2201.0 0.8 0.0013 26.8 40.7 0.079 

24 40 3.52 808.4 3.9 1357.9 23.6 2168.3 9.9 0.0170 -5.8 -7.8 0.451 

24 39 52.73 808.4 3.9 1315.0 38.3 2112.3 45.5 0.0781 -61.9 -50.7 1.040 

24 38 12.77 808.4 3.9 1299.1 21.2 2104.7 6.6 0.0113 -69.5 -66.7 0.192 

24 37 8.16 808.4 3.9 1270.8 12.1 2088.4 1.8 0.0030 -85.7 -94.9 0.086 

24 36 -4.18 808.4 3.9 1292.5 5.2 2089.1 0.3 0.0004 -85.0 -73.2 0.057 
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i j 
Kijk 

/ cm-1 
ω(i)   / 

cm-1 
I(i) / km 

mol-1 
ω(j)   / 

cm-1 
I(j) / km 

mol-1 
ω(ij)   / 

cm-1 
I(ij) / km 

mol-1 
I(ij) / 

I(k) 
∆ω’ ∆ω TFR 

23 39 -2.66 781.8 4.9 1315.0 38.3 2080.9 1.1 0.0019 -93.2 -77.3 0.034 

23 38 -0.61 781.8 4.9 1299.1 21.2 2065.1 0.0 0.0001 -109.0 -93.3 0.007 

22 45 -4.73 736.9 9.7 1490.1 42.2 2245.3 0.2 0.0004 71.2 52.9 0.090 

22 44 1.96 736.9 9.7 1367.1 42.9 2143.6 1.2 0.0020 -30.5 -70.1 0.028 

22 42 0.28 736.9 9.7 1430.4 3.0 2185.1 0.0 0.0001 11.0 -6.8 0.041 

22 41 1.60 736.9 9.7 1406.4 5.4 2150.7 41.7 0.0715 -23.4 -30.8 0.052 

22 40 1.66 736.9 9.7 1357.9 23.6 2116.0 0.3 0.0005 -58.1 -79.3 0.021 

22 39 34.96 736.9 9.7 1315.0 38.3 2068.5 22.0 0.0377 -105.6 -122.2 0.286 

21 46 -1.17 704.4 12.4 1575.3 1.6 2279.5 0.0 0.0001 105.4 105.6 0.011 

21 45 -3.05 704.4 12.4 1490.1 42.2 2193.1 0.6 0.0011 19.0 20.3 0.150 

21 44 2.07 704.4 12.4 1367.1 42.9 2091.8 116.1 0.1991 -82.3 -102.6 0.020 

21 43 -0.22 704.4 12.4 1416.4 15.2 2117.7 0.1 0.0002 -56.4 -53.3 0.004 

21 41 0.91 704.4 12.4 1406.4 5.4 2098.9 0.0 0.0000 -75.3 -63.4 0.014 

21 40 1.25 704.4 12.4 1357.9 23.6 2066.6 0.0 0.0001 -107.6 -111.8 0.011 

20 47 -1.07 674.8 5.7 1590.9 5.4 2266.7 0.0 0.0000 92.6 91.6 0.012 

20 46 1.65 674.8 5.7 1575.3 1.6 2246.1 0.1 0.0001 71.9 76.0 0.022 

20 45 4.76 674.8 5.7 1490.1 42.2 2160.6 111.9 0.1920 -13.5 -9.3 0.514 

20 42 -0.37 674.8 5.7 1430.4 3.0 2100.2 0.0 0.0000 -74.0 -69.0 0.005 

20 41 -0.54 674.8 5.7 1406.4 5.4 2065.8 0.0 0.0000 -108.3 -93.0 0.006 

19 47 -0.25 645.0 4.4 1590.9 5.4 2234.3 0.0 0.0000 60.1 61.8 0.004 

19 46 -0.73 645.0 4.4 1575.3 1.6 2217.6 0.0 0.0001 43.5 46.2 0.016 

19 45 -1.27 645.0 4.4 1490.1 42.2 2128.9 0.2 0.0003 -45.2 -39.1 0.033 

18 48 -0.39 580.9 14.1 1650.0 161.8 2231.2 0.1 0.0001 57.1 56.8 0.007 

18 47 -0.90 580.9 14.1 1590.9 5.4 2178.1 0.0 0.0001 4.0 -2.3 0.391 

17 48 0.33 543.8 8.7 1650.0 161.8 2176.3 0.0 0.0001 2.2 19.8 0.017 

17 47 0.53 543.8 8.7 1590.9 5.4 2121.8 0.5 0.0008 -52.3 -39.4 0.013 

16 48 -0.47 533.0 25.5 1650.0 161.8 2130.8 0.5 0.0008 -43.3 8.9 0.053 

16 47 -0.85 533.0 25.5 1590.9 5.4 2077.5 0.1 0.0002 -96.6 -50.2 0.017 

15 48 -0.31 518.7 2.5 1650.0 161.8 2165.8 202.8 0.3480 -8.3 -5.3 0.058 

15 47 -0.28 518.7 2.5 1590.9 5.4 2111.1 0.0 0.0001 -63.1 -64.5 0.004 

14 48 -1.00 391.7 75.6 1650.0 161.8 2102.6 0.9 0.0016 -71.5 -132.3 0.008 

13 47 0.41 477.6 20.9 1590.9 5.4 2083.4 0.0 0.0001 -90.7 -105.6 0.004 

5 49 6.41 129.8 2.0 2174.1 582.8 2279.3 0.4 0.0007 105.2 129.8 0.049 

2 49 1.16 -38.1 10.1 2174.1 582.8 2129.4 0.3 0.0005 -44.7 -38.1 0.031 

1 49 1.29 -100.8 62.4 2174.1 582.8 2066.5 1.5 0.0025 -107.6 -100.8 0.013 

 

6-311++G(df,pd)  

 

i j 
Kijk 

/ cm-1 

ω(i)   / 

cm-1 

I(i) / km 

mol-1 

ω(j)   / 

cm-1 

I(j) / km 

mol-1 

ω(ij)   / 

cm-1 

I(ij) / km 

mol-1 

I(ij) / 

I(k) 
∆ω’ ∆ω TFR 

33 33 35.54 1128.1 10.6 1128.1 10.6 2255.1 10.5 0.0135 85.5 86.5 0.411 

32 32 2.02 1101.3 13.3 1101.3 13.3 2236.0 0.0 0.0000 66.4 33.0 0.061 

32 33 -6.32 1101.3 13.3 1128.1 10.6 2245.2 0.6 0.0007 75.6 59.8 0.106 

31 35 -0.22 1037.2 12.8 1218.9 24.0 2256.5 0.0 0.0000 86.9 86.5 0.002 

31 34 -0.24 1037.2 12.8 1182.6 1.4 2202.8 0.0 0.0000 33.2 50.2 0.005 

30 34 0.78 1010.7 15.0 1182.6 1.4 2176.0 0.4 0.0005 6.4 23.7 0.033 
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i j 
Kijk 

/ cm-1 
ω(i)   / 

cm-1 
I(i) / km 

mol-1 
ω(j)   / 

cm-1 
I(j) / km 

mol-1 
ω(ij)   / 

cm-1 
I(ij) / km 

mol-1 
I(ij) / 

I(k) 
∆ω’ ∆ω TFR 

30 33 -2.79 1010.7 15.0 1128.1 10.6 2140.3 1.2 0.0016 -29.3 -30.8 0.090 

30 32 -0.54 1010.7 15.0 1101.3 13.3 2127.7 0.0 0.0000 -41.9 -57.6 0.009 

29 35 -0.59 1017.1 12.9 1218.9 24.0 2233.3 0.2 0.0002 63.7 66.4 0.009 

29 33 -1.38 1017.1 12.9 1128.1 10.6 2142.6 0.4 0.0005 -27.0 -24.4 0.057 

28 39 1.72 970.3 0.1 1318.8 93.3 2278.6 0.0 0.0001 109.0 119.5 0.014 

28 38 0.41 970.3 0.1 1311.8 100.1 2270.4 0.0 0.0000 100.8 112.5 0.004 

28 37 0.53 970.3 0.1 1303.1 177.9 2263.2 0.0 0.0000 93.6 103.7 0.005 

28 36 -0.27 970.3 0.1 1286.4 1.5 2244.6 0.0 0.0000 75.0 87.0 0.003 

28 35 0.22 970.3 0.1 1218.9 24.0 2179.4 0.0 0.0000 9.8 19.6 0.011 

28 34 -0.28 970.3 0.1 1182.6 1.4 2124.9 0.0 0.0000 -44.7 -16.8 0.016 

28 33 0.87 970.3 0.1 1128.1 10.6 2088.4 0.0 0.0000 -81.2 -71.3 0.012 

27 35 -0.22 917.6 2.2 1218.9 24.0 2144.2 0.9 0.0011 -25.4 -33.1 0.007 

26 39 2.97 898.8 1.6 1318.8 93.3 2221.1 0.3 0.0003 51.5 48.1 0.062 

26 38 1.61 898.8 1.6 1311.8 100.1 2211.3 0.1 0.0001 41.7 41.0 0.039 

26 35 -0.71 898.8 1.6 1218.9 24.0 2120.4 0.8 0.0011 -49.2 -51.8 0.014 

26 34 -0.23 898.8 1.6 1182.6 1.4 2067.7 0.1 0.0001 -101.9 -88.2 0.003 

25 44 0.71 842.5 10.6 1429.4 15.3 2251.3 0.0 0.0001 81.7 102.3 0.007 

25 41 0.54 842.5 10.6 1383.1 19.7 2232.5 0.0 0.0000 62.9 56.0 0.010 

25 40 0.51 842.5 10.6 1365.6 43.9 2200.6 0.1 0.0001 31.0 38.4 0.013 

25 39 4.42 842.5 10.6 1318.8 93.3 2153.8 37.9 0.0489 -15.8 -8.3 0.532 

25 38 0.73 842.5 10.6 1311.8 100.1 2145.9 0.3 0.0004 -23.7 -15.3 0.048 

25 37 0.64 842.5 10.6 1303.1 177.9 2139.6 0.0 0.0000 -30.0 -24.1 0.026 

25 36 -0.31 842.5 10.6 1286.4 1.5 2120.8 0.0 0.0000 -48.8 -40.8 0.008 

24 44 -3.61 819.4 5.9 1429.4 15.3 2221.5 0.1 0.0002 51.9 79.2 0.046 

24 43 -0.31 819.4 5.9 1422.1 3.0 2236.7 0.0 0.0000 67.1 71.9 0.004 

24 42 -0.53 819.4 5.9 1461.5 49.4 2262.0 0.0 0.0000 92.4 111.3 0.005 

24 41 -3.40 819.4 5.9 1383.1 19.7 2203.6 0.7 0.0009 34.0 32.9 0.103 

24 40 -3.59 819.4 5.9 1365.6 43.9 2172.2 5.8 0.0075 2.6 15.4 0.234 

24 39 -52.34 819.4 5.9 1318.8 93.3 2115.1 89.4 0.1153 -54.5 -31.4 1.669 

24 38 -12.11 819.4 5.9 1311.8 100.1 2116.5 9.1 0.0117 -53.1 -38.4 0.315 

24 37 -10.27 819.4 5.9 1303.1 177.9 2108.8 4.2 0.0054 -60.8 -47.1 0.218 

24 36 3.79 819.4 5.9 1286.4 1.5 2091.4 0.3 0.0003 -78.2 -63.8 0.059 

23 44 0.57 752.8 8.7 1429.4 15.3 2199.0 0.0 0.0000 29.4 12.6 0.045 

23 41 0.41 752.8 8.7 1383.1 19.7 2181.0 0.1 0.0001 11.4 -33.7 0.012 

23 40 0.54 752.8 8.7 1365.6 43.9 2149.0 0.1 0.0002 -20.6 -51.2 0.010 

23 39 7.30 752.8 8.7 1318.8 93.3 2101.9 21.8 0.0281 -67.7 -97.9 0.075 

23 38 1.73 752.8 8.7 1311.8 100.1 2093.9 0.1 0.0002 -75.6 -105.0 0.016 

23 37 1.56 752.8 8.7 1303.1 177.9 2086.2 0.1 0.0001 -83.4 -113.7 0.014 

23 36 -0.35 752.8 8.7 1286.4 1.5 2067.7 0.0 0.0001 -101.9 -130.4 0.003 

22 45 -4.67 776.7 6.3 1502.5 87.6 2266.1 0.2 0.0003 96.5 109.6 0.043 

22 44 1.66 776.7 6.3 1429.4 15.3 2183.1 1.0 0.0012 13.5 36.5 0.045 

22 42 0.28 776.7 6.3 1461.5 49.4 2221.6 0.0 0.0000 52.0 68.7 0.004 

22 41 1.69 776.7 6.3 1383.1 19.7 2162.8 70.6 0.0911 -6.8 -9.8 0.172 

22 40 1.72 776.7 6.3 1365.6 43.9 2130.0 0.3 0.0004 -39.6 -27.3 0.063 

22 39 34.75 776.7 6.3 1318.8 93.3 2082.5 26.1 0.0336 -87.1 -74.0 0.469 

22 38 8.62 776.7 6.3 1311.8 100.1 2076.4 2.4 0.0030 -93.2 -81.1 0.106 

22 37 8.02 776.7 6.3 1303.1 177.9 2069.1 2.0 0.0026 -100.5 -89.8 0.089 
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i j 
Kijk 

/ cm-1 
ω(i)   / 

cm-1 
I(i) / km 

mol-1 
ω(j)   / 

cm-1 
I(j) / km 

mol-1 
ω(ij)   / 

cm-1 
I(ij) / km 

mol-1 
I(ij) / 

I(k) 
∆ω’ ∆ω TFR 

21 45 -2.98 717.7 16.2 1502.5 87.6 2214.7 0.4 0.0005 45.1 50.6 0.059 

21 44 1.87 717.7 16.2 1429.4 15.3 2132.3 36.7 0.0474 -37.3 -22.5 0.083 

21 41 0.97 717.7 16.2 1383.1 19.7 2112.7 0.0 0.0000 -56.9 -68.8 0.014 

21 40 1.27 717.7 16.2 1365.6 43.9 2081.4 0.0 0.0000 -88.2 -86.3 0.015 

20 46 1.55 682.4 4.4 1579.0 2.5 2259.4 0.0 0.0001 89.8 91.9 0.017 

20 45 4.76 682.4 4.4 1502.5 87.6 2181.7 16.9 0.0218 12.1 15.3 0.310 

20 44 -2.63 682.4 4.4 1429.4 15.3 2098.6 0.8 0.0010 -71.0 -57.7 0.045 

20 42 -0.34 682.4 4.4 1461.5 49.4 2137.9 0.0 0.0000 -31.7 -25.6 0.013 

20 41 -0.70 682.4 4.4 1383.1 19.7 2079.4 0.0 0.0000 -90.2 -104.1 0.007 

19 46 -0.64 647.1 1.2 1579.0 2.5 2269.3 0.0 0.0000 99.7 56.5 0.011 

19 45 -1.31 647.1 1.2 1502.5 87.6 2189.5 0.4 0.0005 19.9 -20.0 0.066 

19 44 0.69 647.1 1.2 1429.4 15.3 2107.4 0.1 0.0002 -62.2 -93.1 0.007 

18 44 -0.78 755.5 184.5 1429.4 15.3 2126.6 0.1 0.0002 -43.0 15.3 0.051 

18 42 -0.27 755.5 184.5 1461.5 49.4 2166.5 0.0 0.0000 -3.1 47.4 0.006 

18 41 -0.78 755.5 184.5 1383.1 19.7 2109.7 0.0 0.0000 -59.9 -31.0 0.025 

18 40 -0.39 755.5 184.5 1365.6 43.9 2078.1 0.0 0.0000 -91.5 -48.6 0.008 

17 48 0.35 550.9 14.9 1654.1 109.1 2193.9 0.0 0.0001 24.3 35.3 0.010 

17 47 0.55 550.9 14.9 1597.7 0.9 2140.7 0.7 0.0009 -28.9 -21.0 0.026 

16 48 -0.43 536.9 30.6 1654.1 109.1 2261.3 0.1 0.0001 91.7 21.4 0.020 

16 47 -0.80 536.9 30.6 1597.7 0.9 2209.3 0.1 0.0001 39.7 -35.0 0.023 

16 46 0.40 536.9 30.6 1579.0 2.5 2186.9 0.0 0.0001 17.3 -53.6 0.007 

14 48 -0.94 705.0 37.6 1654.1 109.1 2274.3 1.2 0.0016 104.7 189.5 0.005 

14 47 -2.46 705.0 37.6 1597.7 0.9 2220.8 2.1 0.0027 51.2 133.1 0.019 

14 45 -0.28 705.0 37.6 1502.5 87.6 2119.5 0.1 0.0001 -50.1 37.9 0.007 

11 48 0.35 412.2 0.8 1654.1 109.1 2071.7 0.1 0.0001 -97.9 -103.3 0.003 

2 49 1.02 96.7 8.2 2169.6 775.3 2224.8 0.4 0.0005 55.2 96.7 0.011 
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APPENDIX E 

VIBRATIONAL MODES OF 4-AZIDO-N-PHENYLMALEIMIDE (ISOMER 1) THAT 

OCCUR WITHIN ±130 CM-1 FROM THE FUNDAMENTAL VIBRATION FOR SEVEN 

BASIS SETS IN NNDMA 

i, j, k : vibrational modes ; where k = 54 (azide asymmetric stretch)  

i = j → overtone & i ≠ j → combination band 

Kijk : cubic force constant 

TFR : third-order Fermi resonance  

ω(i), ω(j), ω(k) : anharmonic frequencies of i, j & k th mode  

ω(ij) : anharmonic frequency of ij th mode 

I(i), I(j), I(k) : anharmonic intensities of i, j & k th mode  

I(ij) : anharmonic intensity of ij th mode 

∆ω’ : ω(ij) - ω(k)   

∆ω : ω(i) + ω(j) - ω(k)   

 

6-31G(d,p)  

i j 
Kijk / 

cm-1 

ω(i)   / 

cm-1 

I(i) / km 

mol-1 

ω(j)   / 

cm-1 

I(j) / km 

mol-1 

ω(ij)   / 

cm-1 

I(ij) / km 

mol-1 

I(ij) / 

I(k) 
∆ω’ ∆ω TFR 

39 39 -36.22 1137.3 46.2 1137.3 46.2 2272.9 12.2 0.0247 69.1 70.8 0.511 

38 38 -3.87 1139.7 18.4 1139.7 18.4 2269.3 0.3 0.0007 65.5 75.6 0.051 

37 37 -1.27 1120.0 18.0 1120 18.0 2251.2 0.0 0.0000 47.4 36.2 0.035 

36 36 -0.26 1058.0 9.5 1058 9.5 2106.9 0.3 0.0007 -96.9 -87.8 0.003 

39 40 -13.95 1137.3 46.2 1196.3 12.5 2333.5 1.8 0.0037 129.8 129.8 0.107 

38 40 -2.60 1139.7 18.4 1196.3 12.5 2333.5 0.3 0.0006 129.7 132.2 0.020 

38 39 -7.14 1139.7 18.4 1137.3 46.2 2272.8 1.5 0.0031 69.1 73.2 0.097 

37 39 -1.93 1120.0 18.0 1137.3 46.2 2262.5 0.0 0.0000 58.7 53.5 0.036 

37 38 0.46 1120.0 18.0 1139.7 18.4 2259.9 0.4 0.0008 56.1 55.9 0.008 

36 42 0.24 1058.0 9.5 1292.5 6.9 2335.9 0.1 0.0002 132.2 146.7 0.002 

36 41 -0.46 1058.0 9.5 1212 10.6 2267 0.1 0.0002 63.2 66.2 0.007 

36 40 0.75 1058.0 9.5 1196.3 12.5 2251.7 0.0 0.0000 47.9 50.5 0.015 



 

174 

 

 

i j 
Kijk 

/ cm-1 
ω(i)   / 

cm-1 
I(i) / km 

mol-1 
ω(j)   / 

cm-1 
I(j) / km 

mol-1 
ω(ij)   / 

cm-1 
I(ij) / km 

mol-1 
I(ij) / 

I(k) 
∆ω’ ∆ω TFR 

36 39 2.45 1058.0 9.5 1137.3 46.2 2193.2 217.1 0.4388 -10.5 -8.5 0.288 

36 38 0.46 1058.0 9.5 1139.7 18.4 2191.1 2.3 0.0047 -12.7 -6.1 0.076 

35 42 0.25 1025.3 5.1 1292.5 6.9 2319.5 0.7 0.0014 115.7 114.0 0.002 

35 39 -0.73 1025.3 5.1 1137.3 46.2 2164.8 0.2 0.0004 -38.9 -41.2 0.018 

35 38 0.69 1025.3 5.1 1139.7 18.4 2160.4 1.4 0.0028 -43.4 -38.8 0.018 

35 37 -0.34 1025.3 5.1 1120 18.0 2151.4 0.5 0.0010 -52.4 -58.5 0.006 

34 44 -0.59 1018.2 0.7 1313.1 31.7 2332.4 0.1 0.0002 128.6 127.5 0.005 

34 43 -0.23 1018.2 0.7 1317.4 259.2 2334.7 0.1 0.0002 130.9 131.7 0.002 

34 41 -0.55 1018.2 0.7 1212 10.6 2230 0.0 0.0000 26.2 26.4 0.021 

34 40 1.29 1018.2 0.7 1196.3 12.5 2214.3 2.7 0.0055 10.5 10.7 0.121 

34 39 3.62 1018.2 0.7 1137.3 46.2 2155.3 0.8 0.0015 -48.4 -48.3 0.075 

34 38 0.35 1018.2 0.7 1139.7 18.4 2153.7 0.0 0.0001 -50.0 -45.9 0.008 

34 37 -0.83 1018.2 0.7 1120 18.0 2142.6 0.1 0.0001 -61.1 -65.6 0.013 

33 45 -0.20 961.0 0.7 1328.2 97.6 2288.2 0.0 0.0000 84.5 85.5 0.002 

32 46 -0.21 961.4 14.5 1374 31.8 2331.2 0.0 0.0000 127.4 131.6 0.002 

32 45 0.75 961.4 14.5 1328.2 97.6 2282.7 0.0 0.0000 78.9 85.9 0.009 

32 44 -0.22 961.4 14.5 1313.1 31.7 2271.9 0.0 0.0001 68.2 70.8 0.003 

32 43 -0.65 961.4 14.5 1317.4 259.2 2273.8 0.0 0.0001 70.1 75.0 0.009 

32 41 -0.23 961.4 14.5 1212 10.6 2167.4 0.2 0.0004 -36.4 -30.3 0.008 

32 40 0.25 961.4 14.5 1196.3 12.5 2152.7 0.0 0.0000 -51.1 -46.0 0.005 

32 39 0.79 961.4 14.5 1137.3 46.2 2093.7 0.0 0.0000 -110.1 -105.1 0.008 

32 38 0.29 961.4 14.5 1139.7 18.4 2091.6 0.1 0.0001 -112.2 -102.6 0.003 

31 46 -0.29 948.3 1.1 1374 31.8 2328.2 0.0 0.0000 124.4 118.6 0.002 

31 45 1.26 948.3 1.1 1328.2 97.6 2279.7 0.0 0.0000 76.0 72.8 0.017 

31 43 -0.78 948.3 1.1 1317.4 259.2 2270.5 0.0 0.0000 66.7 61.9 0.013 

31 39 0.60 948.3 1.1 1137.3 46.2 2090.6 0.0 0.0000 -113.1 -118.1 0.005 

30 40 -0.23 946.6 1.9 1196.3 12.5 2143.1 0.0 0.0000 -60.7 -60.8 0.004 

30 37 -0.32 946.6 1.9 1120 18.0 2071.7 0.1 0.0001 -132.1 -137.1 0.002 

29 46 -0.75 840.4 73.5 1374 31.8 2214.6 0.4 0.0007 10.8 10.7 0.070 

29 45 3.02 840.4 73.5 1328.2 97.6 2166.4 1.1 0.0022 -37.3 -35.1 0.086 

29 44 0.63 840.4 73.5 1313.1 31.7 2156.5 0.0 0.0000 -47.3 -50.2 0.013 

29 43 0.46 840.4 73.5 1317.4 259.2 2158.9 0.1 0.0001 -44.9 -46.0 0.010 

28 46 0.70 828.3 22.6 1374 31.8 2202.4 11.4 0.0230 -1.3 -1.4 0.489 

28 45 -3.02 828.3 22.6 1328.2 97.6 2154.8 0.5 0.0011 -49.0 -47.2 0.064 

28 44 -0.67 828.3 22.6 1313.1 31.7 2144.4 0.0 0.0000 -59.4 -62.3 0.011 

28 43 -0.36 828.3 22.6 1317.4 259.2 2145.9 0.0 0.0000 -57.9 -58.1 0.006 

27 48 6.80 818.7 2.6 1516 107.6 2335.4 1.9 0.0038 131.6 131.0 0.052 

27 47 0.48 818.7 2.6 1438.1 1.2 2259.6 0.0 0.0001 55.9 53.0 0.009 

27 46 15.12 818.7 2.6 1374 31.8 2192.6 176.6 0.3570 -11.2 -11.1 1.368 

27 45 -57.35 818.7 2.6 1328.2 97.6 2136.7 57.6 0.1165 -67.0 -56.8 1.009 

27 44 -12.59 818.7 2.6 1313.1 31.7 2135.4 2.8 0.0058 -68.4 -71.9 0.175 

27 43 -6.90 818.7 2.6 1317.4 259.2 2137.2 0.7 0.0014 -66.5 -67.7 0.102 

27 42 2.76 818.7 2.6 1292.5 6.9 2114.9 0.1 0.0003 -88.8 -92.6 0.030 
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i j 
Kijk 

/ cm-1 
ω(i)   / 

cm-1 
I(i) / km 

mol-1 
ω(j)   / 

cm-1 
I(j) / km 

mol-1 
ω(ij)   / 

cm-1 
I(ij) / km 

mol-1 
I(ij) / 

I(k) 
∆ω’ ∆ω TFR 

26 48 -0.30 820.5 2.6 1516 107.6 2335.2 0.0 0.0000 131.5 132.8 0.002 

26 46 -0.83 820.5 2.6 1374 31.8 2195 6.5 0.0132 -8.7 -9.3 0.090 

26 45 1.44 820.5 2.6 1328.2 97.6 2146.5 0.1 0.0001 -57.2 -55 0.026 

26 44 0.24 820.5 2.6 1313.1 31.7 2137.2 0.0 0.0001 -66.6 -70.1 0.003 

26 43 0.40 820.5 2.6 1317.4 259.2 2138.4 0.0 0.0000 -65.4 -65.9 0.006 

25 48 -0.46 759.5 4.1 1516 107.6 2275.5 0.1 0.0001 71.8 71.8 0.006 

25 46 -2.48 759.5 4.1 1374 31.8 2133.5 0.8 0.0015 -70.3 -70.2 0.035 

25 45 5.14 759.5 4.1 1328.2 97.6 2086 0.1 0.0003 -117.7 -116 0.044 

25 44 1.24 759.5 4.1 1313.1 31.7 2075.7 0.0 0.0001 -128.1 -131.1 0.009 

25 43 0.76 759.5 4.1 1317.4 259.2 2076.9 0.0 0.0000 -126.9 -126.9 0.006 

24 48 0.30 716.5 13.8 1516 107.6 2229.2 0.0 0.0001 25.5 28.7 0.010 

23 50 -0.61 715.1 10.8 1612 2.2 2322.4 0.0 0.0000 118.6 123.3 0.005 

23 49 -2.36 715.1 10.8 1596.2 1.8 2306.1 0.1 0.0002 102.3 107.5 0.022 

23 48 6.71 715.1 10.8 1516 107.6 2226.1 10.0 0.0201 22.4 27.3 0.246 

23 47 1.30 715.1 10.8 1438.1 1.2 2150 0.1 0.0002 -53.7 -50.6 0.026 

23 46 10.52 715.1 10.8 1374 31.8 2084.5 0.2 0.0005 -119.3 -114.7 0.092 

21 50 -0.27 644.6 3.1 1612 2.2 2255.7 0.0 0.0000 51.9 52.9 0.005 

21 48 1.08 644.6 3.1 1516 107.6 2159.6 0.1 0.0002 -44.1 -43.1 0.025 

21 47 0.40 644.6 3.1 1438.1 1.2 2083.3 0.1 0.0001 -120.4 -121.1 0.003 

20 49 0.93 643.0 1.8 1596.2 1.8 2240.4 0.1 0.0003 36.6 35.5 0.026 

20 48 -1.99 643.0 1.8 1516 107.6 2158.9 0.2 0.0003 -44.8 -44.8 0.045 

20 47 -0.96 643.0 1.8 1438.1 1.2 2082.3 0.1 0.0002 -121.4 -122.7 0.008 

18 52 0.26 585.1 5.9 1739.8 71.7 2323 0.0 0.0000 119.3 121.1 0.002 

17 50 0.90 547.2 9.6 1612 2.2 2158 0.9 0.0017 -45.8 -44.5 0.020 

15 52 -0.24 517.6 2.5 1739.8 71.7 2257.1 0.0 0.0001 53.3 53.6 0.004 

5 54 -3.60 125.0 5.8 2203.8 494.8 2312 0.3 0.0006 108.2 125 0.029 

2 54 -0.76 62.2 1.0 2203.8 494.8 2256.8 0.1 0.0002 53 62.2 0.012 

1 54 -0.82 16.7 0.3 2203.8 494.8 2214 1.4 0.0029 10.2 16.7 0.049 

 

6-31+G(d,p)  

 

i j 
Kijk 

/ cm-1 

ω(i)   / 

cm-1 

I(i) / km 

mol-1 

ω(j)   / 

cm-1 

I(j) / km 

mol-1 

ω(ij)   / 

cm-1 

I(ij) / km 

mol-1 

I(ij) / 

I(k) 
∆ω’ ∆ω TFR 

39 39 39.19 1127.3 9.7 1127.3 9.7 2252.2 15.7 0.0196 68.1 70.6 0.555 

38 38 2.54 1122.0 35.0 1122.0 35.0 2239.4 0.6 0.0007 55.4 59.9 0.042 

37 37 1.38 1114.4 23.8 1114.4 23.8 2241.5 0.0 0.0000 57.5 44.8 0.031 

36 36 0.26 1078.0 12.0 1078.0 12.0 2159.9 0.3 0.0004 -24.1 -28.0 0.009 

35 35 0.72 1033.1 13.3 1033.1 13.3 2064.7 0.1 0.0002 -119.3 -117.7 0.006 

39 40 12.81 1127.3 9.7 1176.4 4.0 2297.8 1.8 0.0023 113.8 119.7 0.107 

38 40 1.12 1122.0 35.0 1176.4 4.0 2293.7 0.1 0.0002 109.7 114.4 0.010 

38 39 3.13 1122.0 35.0 1127.3 9.7 2249.4 0.4 0.0004 65.4 65.2 0.048 

37 39 0.40 1114.4 23.8 1127.3 9.7 2245.4 0.0 0.0000 61.4 57.7 0.007 
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i j 
Kijk 

/ cm-1 
ω(i)   / 

cm-1 
I(i) / km 

mol-1 
ω(j)   / 

cm-1 
I(j) / km 

mol-1 
ω(ij)   / 

cm-1 
I(ij) / km 

mol-1 
I(ij) / 

I(k) 
∆ω’ ∆ω TFR 

36 41 0.51 1078.0 12.0 1204.9 16.1 2282.8 0.1 0.0001 98.8 98.9 0.005 

36 40 -0.88 1078.0 12.0 1176.4 4.0 2249.3 0.0 0.0000 65.3 70.4 0.012 

36 39 -2.86 1078.0 12.0 1127.3 9.7 2205.4 13.0 0.0162 21.4 21.3 0.134 

36 38 -0.25 1078.0 12.0 1122.0 35.0 2200.6 0.4 0.0005 16.6 16.0 0.016 

35 39 0.34 1033.1 13.3 1127.3 9.7 2160.4 0.1 0.0001 -23.7 -23.6 0.014 

35 38 -0.76 1033.1 13.3 1122.0 35.0 2151.3 2.2 0.0027 -32.7 -28.9 0.026 

34 44 0.31 1011.3 1.2 1307.2 160.8 2316.1 0.1 0.0001 132.1 134.6 0.002 

34 41 0.39 1011.3 1.2 1204.9 16.1 2215.8 0.0 0.0000 31.8 32.3 0.012 

34 40 -1.02 1011.3 1.2 1176.4 4.0 2182.0 25.9 0.0323 -2.0 3.8 0.272 

34 39 -3.32 1011.3 1.2 1127.3 9.7 2138.0 0.9 0.0011 -46.0 -45.4 0.073 

34 37 0.82 1011.3 1.2 1114.4 23.8 2130.1 0.0 0.0001 -53.9 -58.2 0.014 

33 45 -0.53 961.0 1.0 1325.6 124.5 2281.4 0.0 0.0000 97.3 102.7 0.005 

33 44 -0.26 961.0 1.0 1307.2 160.8 2264.7 0.0 0.0000 80.7 84.3 0.003 

33 39 0.43 961.0 1.0 1127.3 9.7 2085.6 0.0 0.0000 -98.4 -95.7 0.004 

31 45 0.97 949.7 8.4 1325.6 124.5 2271.8 0.0 0.0000 87.8 91.3 0.011 

31 44 -0.60 949.7 8.4 1307.2 160.8 2254.9 0.0 0.0001 70.9 73.0 0.008 

31 43 -0.76 949.7 8.4 1300.6 0.2 2252.3 0.1 0.0001 68.2 66.3 0.011 

31 41 -0.31 949.7 8.4 1204.9 16.1 2152.0 0.4 0.0005 -32.0 -29.4 0.011 

31 40 0.48 949.7 8.4 1176.4 4.0 2120.2 0.0 0.0000 -63.8 -57.9 0.008 

31 39 0.97 949.7 8.4 1127.3 9.7 2076.3 0.0 0.0000 -107.7 -107.0 0.009 

31 37 0.27 949.7 8.4 1114.4 23.8 2067.9 0.1 0.0001 -116.1 -119.9 0.002 

30 45 0.37 927.6 4.0 1325.6 124.5 2252.4 0.0 0.0000 68.4 69.2 0.005 

30 38 0.29 927.6 4.0 1122.0 35.0 2051.8 0.1 0.0001 -132.2 -134.5 0.002 

29 46 -0.39 834.0 53.9 1370.2 74.7 2207.5 0.1 0.0002 23.5 20.2 0.019 

29 45 2.23 834.0 53.9 1325.6 124.5 2152.7 1.9 0.0024 -31.3 -24.4 0.092 

29 44 0.57 834.0 53.9 1307.2 160.8 2137.4 0.1 0.0001 -46.6 -42.8 0.013 

28 46 -4.09 825.9 338.5 1370.2 74.7 2202.5 7.9 0.0099 18.5 12.1 0.339 

28 45 19.18 825.9 338.5 1325.6 124.5 2146.8 47.4 0.0591 -37.2 -32.5 0.590 

28 44 4.44 825.9 338.5 1307.2 160.8 2133.0 0.5 0.0007 -51.0 -50.9 0.087 

28 43 1.91 825.9 338.5 1300.6 0.2 2129.7 0.1 0.0001 -54.3 -57.6 0.033 

28 42 -0.39 825.9 338.5 1312.3 46.0 2135.4 0.0 0.0000 -48.6 -45.9 0.008 

27 48 -6.13 818.9 146.7 1499.7 201.6 2317.7 1.7 0.0021 133.7 134.6 0.046 

27 46 -11.35 818.9 146.7 1370.2 74.7 2197.0 74.4 0.0927 13.0 5.1 2.214 

27 45 54.12 818.9 146.7 1325.6 124.5 2130.6 102.9 0.1283 -53.4 -39.5 1.370 

27 44 12.59 818.9 146.7 1307.2 160.8 2124.1 3.9 0.0049 -59.9 -57.9 0.218 

27 43 5.44 818.9 146.7 1300.6 0.2 2121.9 0.6 0.0008 -62.1 -64.5 0.084 

27 42 -1.15 818.9 146.7 1312.3 46.0 2127.8 0.0 0.0001 -56.2 -52.8 0.022 

26 48 0.63 790.0 14.1 1499.7 201.6 2291.5 0.0 0.0000 107.5 105.7 0.006 

26 46 0.75 790.0 14.1 1370.2 74.7 2170.1 0.8 0.0010 -14.0 -23.8 0.032 

26 45 -4.94 790.0 14.1 1325.6 124.5 2115.2 2.2 0.0027 -68.9 -68.4 0.072 

26 44 -1.11 790.0 14.1 1307.2 160.8 2099.9 0.0 0.0001 -84.1 -86.8 0.013 

26 43 -0.52 790.0 14.1 1300.6 0.2 2096.8 0.0 0.0000 -87.2 -93.4 0.006 

25 48 0.27 764.0 2.2 1499.7 201.6 2264.2 0.0 0.0000 80.2 79.7 0.003 

25 46 1.65 764.0 2.2 1370.2 74.7 2140.3 0.6 0.0007 -43.7 -49.8 0.033 
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i j 
Kijk 

/ cm-1 
ω(i)   / 

cm-1 
I(i) / km 

mol-1 
ω(j)   / 

cm-1 
I(j) / km 

mol-1 
ω(ij)   / 

cm-1 
I(ij) / km 

mol-1 
I(ij) / 

I(k) 
∆ω’ ∆ω TFR 

25 45 -3.74 764.0 2.2 1325.6 124.5 2086.8 0.1 0.0001 -97.2 -94.4 0.040 

25 44 -0.97 764.0 2.2 1307.2 160.8 2071.3 0.0 0.0000 -112.7 -112.8 0.009 

25 43 -0.43 764.0 2.2 1300.6 0.2 2067.6 0.0 0.0000 -116.4 -119.5 0.004 

23 50 0.36 709.7 14.4 1604.4 25.6 2311.5 0.0 0.0000 127.5 130.1 0.003 

23 49 2.50 709.7 14.4 1583.6 1.2 2293.6 0.1 0.0001 109.6 109.3 0.023 

23 48 -6.45 709.7 14.4 1499.7 201.6 2207.4 6.7 0.0084 23.4 25.4 0.254 

23 47 -1.23 709.7 14.4 1423.1 1.3 2131.2 0.1 0.0002 -52.8 -51.1 0.024 

23 46 -8.75 709.7 14.4 1370.2 74.7 2084.8 0.3 0.0003 -99.2 -104.0 0.084 

21 49 0.29 646.8 2.3 1583.6 1.2 2232.7 0.0 0.0000 48.7 46.4 0.006 

21 48 0.50 646.8 2.3 1499.7 201.6 2145.8 0.1 0.0001 -38.2 -37.5 0.013 

21 47 0.33 646.8 2.3 1423.1 1.3 2069.3 0.1 0.0001 -114.7 -114.0 0.003 

20 49 1.15 643.8 2.0 1583.6 1.2 2231.0 0.1 0.0002 46.9 43.4 0.026 

20 48 -2.51 643.8 2.0 1499.7 201.6 2143.6 0.5 0.0006 -40.4 -40.5 0.062 

20 47 -0.95 643.8 2.0 1423.1 1.3 2066.7 0.0 0.0001 -117.3 -117.1 0.008 

19 49 -0.27 617.5 0.7 1583.6 1.2 2204.0 0.0 0.0000 20.0 17.1 0.016 

17 50 -0.76 543.0 8.8 1604.4 25.6 2146.5 0.7 0.0009 -37.5 -36.6 0.021 

15 52 -0.34 504.9 7.0 1706.5 944.5 2211.7 0.0 0.0000 27.7 27.4 0.012 

11 52 0.39 363.9 0.8 1706.5 944.5 2070.2 0.1 0.0001 -113.8 -113.7 0.003 

5 54 4.76 107.9 7.6 2184.0 802.1 2283.6 0.4 0.0005 99.6 107.9 0.044 

1 54 1.15 -7.9 0.4 2184.0 802.1 2167.8 1.9 0.0024 -16.2 -7.9 0.146 

 

6-31++G(d,p)  

i j 
Kijk 

/ cm-1 

ω(i)   / 

cm-1 

I(i) / km 

mol-1 

ω(j)   / 

cm-1 

I(j) / km 

mol-1 

ω(ij)   / 

cm-1 

I(ij) / km 

mol-1 

I(ij) / 

I(k) 
∆ω’ ∆ω TFR 

39 39 39.16 1126.5 109.2 1126.5 109.2 2252.2 15.6 0.0197 68.5 69.2 0.565 

38 38 2.50 1123.2 13.7 1123.2 13.7 2244.4 0.6 0.0007 60.6 62.7 0.040 

37 37 1.37 1115.5 65.8 1115.5 65.8 2244.3 0.0 0.0000 60.5 47.2 0.029 

36 36 0.26 1076.4 12.6 1076.4 12.6 2154.9 0.3 0.0004 -28.9 -30.9 0.008 

35 35 0.71 1032.3 12.4 1032.3 12.4 2064.3 0.1 0.0002 -119.4 -119.1 0.006 

39 40 12.95 1126.5 109.2 1185.8 13.3 2306.6 1.9 0.0024 122.8 128.5 0.101 

38 40 1.04 1123.2 13.7 1185.8 13.3 2305.9 0.1 0.0002 122.1 125.3 0.008 

38 39 2.87 1123.2 13.7 1126.5 109.2 2251.9 0.3 0.0004 68.2 66 0.044 

37 39 0.40 1115.5 65.8 1126.5 109.2 2246.8 0.0 0.0000 63.1 58.2 0.007 

36 41 0.50 1076.4 12.6 1204.8 18.6 2279.9 0.1 0.0001 96.1 97.5 0.005 

36 40 -0.90 1076.4 12.6 1185.8 13.3 2255.9 0.0 0.0000 72.2 78.5 0.011 

36 39 -2.88 1076.4 12.6 1126.5 109.2 2203.1 12.5 0.0158 19.4 19.2 0.150 

36 38 -0.23 1076.4 12.6 1123.2 13.7 2200.7 0.4 0.0005 16.9 15.9 0.015 

35 39 0.34 1032.3 12.4 1126.5 109.2 2160.2 0.1 0.0001 -23.5 -24.9 0.014 

35 38 -0.76 1032.3 12.4 1123.2 13.7 2153.6 2.1 0.0027 -30.2 -28.2 0.027 

34 44 0.32 1013.0 0.7 1301.7 107.0 2314.5 0.1 0.0001 130.8 130.9 0.002 

34 41 0.38 1013.0 0.7 1204.8 18.6 2216.6 0.0 0.0000 32.8 34.1 0.011 

34 40 -1.03 1013.0 0.7 1185.8 13.3 2192.6 31.4 0.0396 8.8 15 0.069 

34 39 -3.29 1013.0 0.7 1126.5 109.2 2139.4 0.9 0.0011 -44.3 -44.3 0.074 

34 37 0.82 1013.0 0.7 1115.5 65.8 2132.9 0.0 0.0001 -50.8 -55.3 0.015 

33 45 -0.51 956.8 1.9 1325.4 163.0 2273.9 0.0 0.0000 90.1 98.5 0.005 

33 44 -0.26 956.8 1.9 1301.7 107.0 2253.9 0.0 0.0000 70.2 74.7 0.003 
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i j 
Kijk 

/ cm-1 
ω(i)   / 

cm-1 
I(i) / km 

mol-1 
ω(j)   / 

cm-1 
I(j) / km 

mol-1 
ω(ij)   / 

cm-1 
I(ij) / km 

mol-1 
I(ij) / 

I(k) 
∆ω’ ∆ω TFR 

33 39 0.42 956.8 1.9 1126.5 109.2 2077.8 0.0 0.0000 -106 -100.5 0.004 

31 45 0.93 950.1 5.8 1325.4 163.0 2272.4 0.0 0.0000 88.7 91.8 0.010 

31 44 -0.60 950.1 5.8 1301.7 107.0 2252.4 0.0 0.0001 68.6 68 0.009 

31 43 -0.77 950.1 5.8 1300.7 0.6 2253.0 0.1 0.0001 69.2 67 0.011 

31 41 -0.30 950.1 5.8 1204.8 18.6 2151.8 0.4 0.0005 -32 -28.8 0.010 

31 40 0.49 950.1 5.8 1185.8 13.3 2129.6 0.0 0.0000 -54.2 -47.9 0.010 

31 39 0.99 950.1 5.8 1126.5 109.2 2076.6 0.0 0.0000 -107.1 -107.2 0.009 

31 37 0.26 950.1 5.8 1115.5 65.8 2069.7 0.1 0.0001 -114.1 -118.2 0.002 

30 45 0.35 915.4 2.3 1325.4 163.0 2244.1 0.0 0.0000 60.3 57.1 0.006 

29 46 -0.37 831.5 82.8 1374.3 165.1 2199.8 0.1 0.0002 16.1 22.1 0.017 

29 45 2.14 831.5 82.8 1325.4 163.0 2145.6 1.8 0.0023 -38.2 -26.8 0.080 

29 44 0.56 831.5 82.8 1301.7 107.0 2127.0 0.1 0.0001 -56.8 -50.6 0.011 

28 46 -4.10 824.5 8.6 1374.3 165.1 2200.5 7.7 0.0097 16.7 15.1 0.272 

28 45 19.33 824.5 8.6 1325.4 163.0 2145.3 48.1 0.0606 -38.4 -33.8 0.571 

28 44 4.52 824.5 8.6 1301.7 107.0 2128.2 0.6 0.0007 -55.5 -57.6 0.078 

28 43 1.97 824.5 8.6 1300.7 0.6 2128.3 0.1 0.0001 -55.4 -58.6 0.034 

28 42 -0.36 824.5 8.6 1310.8 44.1 2131.4 0.0 0.0000 -52.3 -48.4 0.007 

27 48 -6.09 819.3 25.1 1497.7 170.1 2316.9 1.7 0.0021 133.2 133.3 0.046 

27 46 -11.22 819.3 25.1 1374.3 165.1 2197.8 70.8 0.0892 14 9.9 1.138 

27 45 53.83 819.3 25.1 1325.4 163.0 2131.7 109.2 0.1375 -52 -39 1.379 

27 44 12.64 819.3 25.1 1301.7 107.0 2122.2 4.0 0.0050 -61.5 -62.8 0.201 

27 43 5.54 819.3 25.1 1300.7 0.6 2123.4 0.7 0.0008 -60.3 -63.8 0.087 

27 42 -1.05 819.3 25.1 1310.8 44.1 2127.0 0.0 0.0000 -56.7 -53.6 0.020 

26 48 0.74 766.0 15.9 1497.7 170.1 2269.8 0.0 0.0000 86.1 79.9 0.009 

26 46 0.96 766.0 15.9 1374.3 165.1 2151.1 1.0 0.0013 -32.7 -43.5 0.022 

26 45 -5.98 766.0 15.9 1325.4 163.0 2096.6 3.3 0.0042 -87.2 -92.4 0.065 

26 44 -1.37 766.0 15.9 1301.7 107.0 2074.8 0.1 0.0001 -108.9 -116.1 0.012 

26 43 -0.63 766.0 15.9 1300.7 0.6 2077.5 0.0 0.0000 -106.3 -117.1 0.005 

25 48 0.26 764.3 2.2 1497.7 170.1 2262.8 0.0 0.0000 79 78.2 0.003 

25 46 1.64 764.3 2.2 1374.3 165.1 2140.4 0.6 0.0007 -43.4 -45.2 0.036 

25 45 -3.64 764.3 2.2 1325.4 163.0 2087.5 0.1 0.0001 -96.3 -94 0.039 

25 44 -0.95 764.3 2.2 1301.7 107.0 2068.7 0.0 0.0000 -115 -117.8 0.008 

25 43 -0.43 764.3 2.2 1300.7 0.6 2068.3 0.0 0.0000 -115.5 -118.8 0.004 

23 50 0.35 709.3 14.5 1604.7 24.4 2311.8 0.0 0.0000 128 130.2 0.003 

23 49 2.51 709.3 14.5 1583.8 0.9 2293.8 0.1 0.0001 110.1 109.3 0.023 

23 48 -6.45 709.3 14.5 1497.7 170.1 2205.6 6.8 0.0086 21.9 23.3 0.277 

23 47 -1.24 709.3 14.5 1422.1 5.1 2130.5 0.1 0.0002 -53.2 -52.3 0.024 

23 46 -8.70 709.3 14.5 1374.3 165.1 2084.6 0.3 0.0003 -99.1 -100.1 0.087 

21 49 0.27 646.5 2.2 1583.8 0.9 2232.6 0.0 0.0000 48.8 46.5 0.006 

21 48 0.52 646.5 2.2 1497.7 170.1 2143.7 0.1 0.0001 -40 -39.6 0.013 

21 47 0.34 646.5 2.2 1422.1 5.1 2068.3 0.1 0.0001 -115.4 -115.1 0.003 

20 49 1.15 645.7 2.0 1583.8 0.9 2232.1 0.1 0.0002 48.3 45.7 0.025 

20 48 -2.52 645.7 2.0 1497.7 170.1 2142.7 0.5 0.0006 -41.1 -40.4 0.062 

20 47 -0.96 645.7 2.0 1422.1 5.1 2067.0 0.1 0.0001 -116.8 -116 0.008 

19 49 -0.27 613.1 0.7 1583.8 0.9 2200.7 0.0 0.0000 17 13.1 0.020 

17 50 -0.77 542.9 9.4 1604.7 24.4 2146.6 0.7 0.0009 -37.1 -36.2 0.021 

15 52 -0.34 497.4 5.1 1706.5 949.7 2204.2 0.0 0.0000 20.5 20.2 0.017 

11 52 0.38 364.8 0.9 1706.5 949.7 2071.1 0.1 0.0001 -112.6 -112.4 0.003 

6 54 6.18 141.3 6.7 2183.7 794.3 2316.3 0.1 0.0002 132.6 141.3 0.044 

5 54 4.73 107.2 7.3 2183.7 794.3 2282.3 0.4 0.0005 98.6 107.2 0.044 

1 54 1.28 -29.7 2.4 2183.7 794.3 2145.3 2.1 0.0026 -38.5 -29.7 0.043 
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6-311G(d,p)  

 

i j 
Kijk 

/ cm-1 

ω(i)   / 

cm-1 

I(i) / km 

mol-1 

ω(j)   / 

cm-1 

I(j) / km 

mol-1 

ω(ij)   / 

cm-1 

I(ij) / km 

mol-1 

I(ij) / 

I(k) 
∆ω’ ∆ω TFR 

39 39 -36.23 1132.0 33.4 1132.0 33.4 2261.7 12.6 0.0261 73.1 75.5 0.480 

38 38 -2.53 1133.0 37.4 1133.0 37.4 2261.5 0.2 0.0005 72.9 77.4 0.033 

37 37 -1.55 1105.0 9.1 1105.0 9.1 2214.0 0.1 0.0001 25.4 21.3 0.073 

36 36 -0.29 1067.0 13.0 1067.0 13.0 2133.4 0.5 0.0009 -55.2 -54.6 0.005 

35 35 -0.58 1030.5 6.2 1030.5 6.2 2058.6 0.1 0.0002 -130.0 -127.6 0.005 

39 40 -13.89 1132.0 33.4 1182.0 11.9 2313.5 1.8 0.0038 124.8 125.5 0.111 

38 40 -1.19 1133.0 37.4 1182.0 11.9 2315.0 0.3 0.0006 126.4 126.5 0.009 

38 39 -4.07 1133.0 37.4 1132.0 33.4 2262.9 0.5 0.0010 74.2 76.4 0.053 

37 41 -0.24 1105.0 9.1 1202.2 12.9 2308.0 0.8 0.0017 119.4 118.6 0.002 

37 39 -1.56 1105.0 9.1 1132.0 33.4 2239.1 0.0 0.0001 50.5 48.4 0.032 

37 38 0.76 1105.0 9.1 1133.0 37.4 2236.5 0.5 0.0010 47.9 49.4 0.015 

36 41 -0.40 1067.0 13.0 1202.2 12.9 2268.3 0.1 0.0002 79.7 80.6 0.005 

36 40 0.80 1067.0 13.0 1182.0 11.9 2248.3 0.0 0.0000 59.6 60.4 0.013 

36 39 2.65 1067.0 13.0 1132.0 33.4 2198.7 226.9 0.4702 10.1 10.4 0.254 

36 38 0.22 1067.0 13.0 1133.0 37.4 2197.6 0.1 0.0003 9.0 11.4 0.019 

35 42 0.40 1030.5 6.2 1293.0 83.1 2322.4 0.4 0.0007 133.8 134.9 0.003 

35 39 -0.65 1030.5 6.2 1132.0 33.4 2162.1 0.1 0.0003 -26.6 -26.1 0.025 

35 38 0.59 1030.5 6.2 1133.0 37.4 2159.1 1.0 0.0020 -29.5 -25.1 0.024 

35 37 -0.38 1030.5 6.2 1105.0 9.1 2135.5 0.7 0.0014 -53.1 -53.1 0.007 

34 43 0.21 1021.8 0.2 1300.4 5.7 2320.6 0.0 0.0000 132.0 133.6 0.002 

34 42 -0.66 1021.8 0.2 1293.0 83.1 2311.9 0.0 0.0000 123.3 126.2 0.005 

34 41 -0.30 1021.8 0.2 1202.2 12.9 2223.2 0.0 0.0000 34.6 35.5 0.008 

34 40 1.08 1021.8 0.2 1182.0 11.9 2203.3 33.9 0.0702 14.7 15.3 0.07 

34 39 3.13 1021.8 0.2 1132.0 33.4 2152.9 0.8 0.0016 -35.7 -34.8 0.09 

34 37 -0.85 1021.8 0.2 1105.0 9.1 2128.3 0.1 0.0002 -60.4 -61.8 0.014 

33 45 -0.25 964.3 0.4 1320.0 207.9 2285.9 0.0 0.0000 97.3 95.7 0.003 

32 45 0.23 975.1 3.4 1320.0 207.9 2276.3 0.0 0.0000 87.6 106.5 0.002 

32 39 -0.31 975.1 3.4 1132.0 33.4 2086.7 0.0 0.0000 -101.9 -81.5 0.004 

31 44 0.56 946.9 14.1 1317.4 5.8 2263.9 0.0 0.0000 75.2 75.6 0.007 

31 43 0.71 946.9 14.1 1300.4 5.7 2244.6 0.3 0.0007 56.0 58.6 0.012 

31 42 -0.77 946.9 14.1 1293.0 83.1 2237.4 0.2 0.0003 48.8 51.2 0.015 

31 41 0.21 946.9 14.1 1202.2 12.9 2147.0 0.4 0.0008 -41.6 -39.5 0.005 

31 40 -0.28 946.9 14.1 1182.0 11.9 2128.6 0.0 0.0001 -60.0 -59.7 0.005 

31 39 -1.29 946.9 14.1 1132.0 33.4 2078.7 0.0 0.0000 -109.9 -109.7 0.012 

29 46 -0.67 833.6 56.7 1354.2 80.2 2193.8 0.1 0.0003 5.1 -0.7 0.929 

29 45 2.42 833.6 56.7 1320.0 207.9 2154.6 2.6 0.0054 -34.0 -35.0 0.069 

29 43 0.36 833.6 56.7 1300.4 5.7 2134.1 0.1 0.0001 -54.5 -54.6 0.007 

29 42 -0.27 833.6 56.7 1293.0 83.1 2126.3 0.0 0.0000 -62.4 -62.0 0.004 

28 46 0.33 848.5 40.3 1354.2 80.2 2193.5 0.1 0.0003 4.9 14.1 0.023 

28 45 -1.32 848.5 40.3 1320.0 207.9 2154.2 0.3 0.0005 -34.4 -20.1 0.065 

27 48 6.56 819.1 7.7 1503.6 210.5 2321.4 1.9 0.0040 132.8 134.1 0.049 

27 47 0.42 819.1 7.7 1429.5 0.1 2248.0 0.0 0.0001 59.4 60.0 0.007 

27 46 17.17 819.1 7.7 1354.2 80.2 2176.3 168.2 0.3485 -12.3 -15.3 1.125 

27 45 -58.45 819.1 7.7 1320.0 207.9 2128.2 83.6 0.1732 -60.5 -49.5 1.18 

27 44 1.12 819.1 7.7 1317.4 5.8 2135.9 0.0 0.0000 -52.8 -52.1 0.022 

27 43 -6.47 819.1 7.7 1300.4 5.7 2118.5 0.6 0.0012 -70.1 -69.2 0.094 

27 42 7.44 819.1 7.7 1293.0 83.1 2110.1 0.7 0.0014 -78.5 -76.5 0.097 

26 45 -0.68 786.8 12.5 1320.0 207.9 2122.1 0.0 0.0001 -66.5 -81.9 0.008 
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i j 
Kijk 

/ cm-1 
ω(i)   / 

cm-1 
I(i) / km 

mol-1 
ω(j)   / 

cm-1 
I(j) / km 

mol-1 
ω(ij)   / 

cm-1 
I(ij) / km 

mol-1 
I(ij) / 

I(k) 
∆ω’ ∆ω TFR 

25 48 -0.39 768.8 2.6 1503.6 210.5 2272.4 0.1 0.0001 83.8 83.8 0.005 

25 46 -2.61 768.8 2.6 1354.2 80.2 2128.5 1.1 0.0022 -60.1 -65.6 0.04 

25 45 4.97 768.8 2.6 1320.0 207.9 2089.8 0.2 0.0004 -98.8 -99.8 0.05 

25 43 0.64 768.8 2.6 1300.4 5.7 2068.6 0.0 0.0000 -120.0 -119.5 0.005 

25 42 -0.74 768.8 2.6 1293.0 83.1 2061.2 0.0 0.0000 -127.4 -126.8 0.006 

23 50 -0.54 712.9 16.2 1601.6 0.7 2316.2 0.0 0.0000 127.6 125.9 0.004 

23 49 -2.34 712.9 16.2 1575.2 5.1 2289.1 0.1 0.0002 100.4 99.5 0.024 

23 48 6.58 712.9 16.2 1503.6 210.5 2215.3 6.8 0.0142 26.7 27.9 0.236 

23 47 1.27 712.9 16.2 1429.5 0.1 2142.0 0.1 0.0002 -46.7 -46.2 0.027 

23 46 11.87 712.9 16.2 1354.2 80.2 2072.7 0.3 0.0006 -115.9 -121.5 0.098 

21 49 0.23 648.0 4.9 1575.2 5.1 2220.4 0.0 0.0000 31.7 34.6 0.007 

21 48 0.56 648.0 4.9 1503.6 210.5 2145.9 0.1 0.0001 -42.7 -37.0 0.015 

20 49 0.83 640.2 2.0 1575.2 5.1 2219.1 0.1 0.0002 30.5 26.8 0.031 

20 48 -2.03 640.2 2.0 1503.6 210.5 2145.1 0.3 0.0006 -43.5 -44.8 0.045 

20 47 -0.98 640.2 2.0 1429.5 0.1 2071.0 0.1 0.0001 -117.7 -119.0 0.008 

19 49 -0.26 619.8 0.8 1575.2 5.1 2200.9 0.0 0.0000 12.3 6.4 0.04 

18 52 0.25 582.9 11.7 1723.5 376.8 2304.2 0.0 0.0001 115.6 117.8 0.002 

18 48 0.25 582.9 11.7 1503.6 210.5 2085.7 0.0 0.0000 -102.9 -102.1 0.002 

17 50 0.92 545.3 13.1 1601.6 0.7 2149.3 0.9 0.0019 -39.3 -41.7 0.022 

17 49 -0.25 545.3 13.1 1575.2 5.1 2122.1 0.0 0.0001 -66.5 -68.1 0.004 

15 52 -0.29 513.2 15.6 1723.5 376.8 2239.2 0.0 0.0001 50.6 48.0 0.006 

14 53 0.26 442.1 1.1 1775.8 1.6 2235.4 0.0 0.0000 46.8 29.3 0.009 

6 54 -6.02 145.9 1.5 2188.6 482.6 2307.0 0.1 0.0002 118.4 145.9 0.041 

5 54 -3.69 108.7 8.7 2188.6 482.6 2285.1 0.3 0.0007 96.5 108.7 0.034 

1 54 1.00 1.2 0.1 2188.6 482.6 2176.8 1.6 0.0033 -11.8 1.2 0.857 

 

6-311+G(d,p)  

i j 
Kijk 

/ cm-1 

ω(i)   / 

cm-1 

I(i) / km 

mol-1 

ω(j)   / 

cm-1 

I(j) / km 

mol-1 

ω(ij)   / 

cm-1 

I(ij) / km 

mol-1 

I(ij) / 

I(k) 
∆ω’ ∆ω TFR 

39 39 -37.52 1128.2 39.0 1128.2 39.0 2253.9 14.1 0.0179 76.4 78.8 0.476 

38 38 -2.26 1122.9 7.4 1122.9 7.4 2245.2 0.4 0.0006 67.7 68.3 0.033 

37 37 -1.58 1112.9 49.4 1112.9 49.4 2241.1 0.0 0.0000 63.6 48.2 0.033 

36 36 -0.27 1081.7 13.1 1081.7 13.1 2168.8 0.4 0.0005 -8.7 -14.1 0.019 

35 35 -0.67 1037.3 9.6 1037.3 9.6 2073.0 0.1 0.0001 -104.5 -103.0 0.007 

38 39 1.11 1122.9 7.4 1128.2 39.0 2252.5 0.1 0.0001 75.0 73.6 0.015 

37 39 -0.58 1112.9 49.4 1128.2 39.0 2247.7 0.0 0.0000 70.3 63.5 0.009 

37 38 -0.27 1112.9 49.4 1122.9 7.4 2242.0 0.2 0.0003 64.5 58.3 0.005 

36 41 -0.48 1081.7 13.1 1210.3 4.9 2285.2 0.1 0.0001 107.7 114.5 0.004 

36 40 0.94 1081.7 13.1 1191.1 25.7 2273.1 0.0 0.0000 95.6 95.3 0.010 

36 39 2.92 1081.7 13.1 1128.2 39.0 2209.9 12.0 0.0153 32.4 32.3 0.090 

35 39 -0.32 1037.3 9.6 1128.2 39.0 2165.4 0.1 0.0001 -12.1 -12.1 0.027 

35 38 -0.64 1037.3 9.6 1122.9 7.4 2158.6 1.6 0.0020 -18.8 -17.3 0.037 

35 37 -0.30 1037.3 9.6 1112.9 49.4 2156.3 0.4 0.0005 -21.2 -27.4 0.011 

34 42 -0.78 1017.4 1.3 1288.5 148.5 2302.3 0.0 0.0000 124.8 128.4 0.006 

34 41 -0.33 1017.4 1.3 1210.3 4.9 2219.0 0.0 0.0000 41.5 50.2 0.007 

34 40 0.98 1017.4 1.3 1191.1 25.7 2207.5 7.9 0.0100 30.1 31.0 0.032 

34 39 2.77 1017.4 1.3 1128.2 39.0 2143.5 0.8 0.0010 -34.0 -32.0 0.087 

34 37 -0.74 1017.4 1.3 1112.9 49.4 2135.0 0.0 0.0001 -42.5 -47.3 0.016 

33 45 -0.64 979.6 0.1 1322.3 114.8 2293.9 0.0 0.0000 116.4 124.4 0.005 

33 42 0.27 979.6 0.1 1288.5 148.5 2262.7 0.0 0.0000 85.2 90.6 0.003 

33 39 0.44 979.6 0.1 1128.2 39.0 2102.4 0.0 0.0000 -75.1 -69.7 0.006 
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i j 
Kijk 

/ cm-1 
ω(i)   / 

cm-1 
I(i) / km 

mol-1 
ω(j)   / 

cm-1 
I(j) / km 

mol-1 
ω(ij)   / 

cm-1 
I(ij) / km 

mol-1 
I(ij) / 

I(k) 
∆ω’ ∆ω TFR 

31 44 -0.35 952.4 3.0 1308.3 19.0 2268.4 0.0 0.0000 90.9 83.2 0.004 

31 43 0.34 952.4 3.0 1313.0 22.5 2268.6 0.2 0.0003 91.1 87.9 0.004 

31 42 -0.67 952.4 3.0 1288.5 148.5 2245.0 0.0 0.0000 67.5 63.4 0.011 

31 41 0.23 952.4 3.0 1210.3 4.9 2159.2 0.2 0.0002 -18.2 -14.8 0.016 

31 40 -0.43 952.4 3.0 1191.1 25.7 2148.3 0.0 0.0000 -29.2 -34.0 0.013 

31 39 -0.90 952.4 3.0 1128.2 39.0 2085.0 0.0 0.0000 -92.5 -96.9 0.009 

30 45 0.28 955.8 13.6 1322.3 114.8 2277.8 0.0 0.0000 100.3 100.6 0.003 

30 44 0.34 955.8 13.6 1308.3 19.0 2270.6 0.0 0.0000 93.1 86.6 0.004 

30 43 -0.29 955.8 13.6 1313.0 22.5 2270.5 0.3 0.0003 93.0 91.3 0.003 

30 42 0.63 955.8 13.6 1288.5 148.5 2247.0 0.0 0.0000 69.5 66.8 0.009 

30 40 0.35 955.8 13.6 1191.1 25.7 2150.4 0.0 0.0000 -27.1 -30.5 0.011 

30 39 0.79 955.8 13.6 1128.2 39.0 2086.9 0.0 0.0000 -90.6 -93.5 0.008 

30 38 -0.27 955.8 13.6 1122.9 7.4 2082.4 0.2 0.0002 -95.1 -98.8 0.003 

29 46 -0.38 851.3 67.8 1370.0 137.9 2213.9 0.1 0.0002 36.4 43.9 0.009 

29 45 1.93 851.3 67.8 1322.3 114.8 2164.4 3.1 0.0040 -13.1 -3.9 0.502 

29 43 0.22 851.3 67.8 1313.0 22.5 2159.0 0.1 0.0001 -18.5 -13.2 0.017 

29 42 -0.28 851.3 67.8 1288.5 148.5 2134.5 0.0 0.0000 -43.0 -37.7 0.007 

28 46 -0.76 835.6 22.6 1370.0 137.9 2206.9 0.2 0.0003 29.4 28.2 0.027 

28 45 3.19 835.6 22.6 1322.3 114.8 2157.9 3.2 0.0040 -19.6 -19.6 0.163 

28 42 -0.50 835.6 22.6 1288.5 148.5 2128.4 0.0 0.0000 -49.1 -53.4 0.009 

27 47 0.31 821.0 5.0 1418.8 13.6 2240.3 0.0 0.0000 62.8 62.3 0.005 

27 46 13.20 821.0 5.0 1370.0 137.9 2191.3 128.3 0.1627 13.8 13.6 0.972 

27 45 -58.84 821.0 5.0 1322.3 114.8 2126.4 152.6 0.1934 -51.1 -34.1 1.723 

27 44 0.55 821.0 5.0 1308.3 19.0 2132.4 0.0 0.0000 -45.1 -48.1 0.011 

27 43 -4.25 821.0 5.0 1313.0 22.5 2133.5 0.4 0.0005 -43.9 -43.5 0.098 

27 42 9.67 821.0 5.0 1288.5 148.5 2108.2 1.6 0.0020 -69.3 -68.0 0.142 

26 46 1.01 821.1 3.5 1370.0 137.9 2191.4 1.9 0.0024 13.9 13.7 0.074 

26 45 -5.79 821.1 3.5 1322.3 114.8 2140.7 3.5 0.0045 -36.7 -34.1 0.170 

26 43 -0.39 821.1 3.5 1313.0 22.5 2135.0 0.0 0.0000 -42.5 -43.4 0.009 

26 42 0.96 821.1 3.5 1288.5 148.5 2109.7 0.0 0.0001 -67.8 -67.9 0.014 

25 48 0.22 777.4 0.6 1504.3 180.3 2280.9 0.0 0.0000 103.4 104.2 0.002 

25 46 1.63 777.4 0.6 1370.0 137.9 2145.6 0.7 0.0009 -31.9 -30.0 0.054 

25 45 -3.45 777.4 0.6 1322.3 114.8 2097.0 0.1 0.0002 -80.5 -77.8 0.044 

25 43 -0.28 777.4 0.6 1313.0 22.5 2090.3 0.0 0.0000 -87.2 -87.1 0.003 

25 42 0.65 777.4 0.6 1288.5 148.5 2067.3 0.0 0.0000 -110.2 -111.6 0.006 

24 45 0.42 728.0 11.5 1322.3 114.8 2047.1 0.1 0.0001 -130.4 -127.2 0.003 

23 50 -0.26 711.1 15.1 1595.7 12.1 2308.0 0.0 0.0000 130.5 129.4 0.002 

23 49 -2.44 711.1 15.1 1575.4 3.5 2288.8 0.1 0.0001 111.3 109.0 0.022 

23 48 6.31 711.1 15.1 1504.3 180.3 2215.6 4.5 0.0057 38.1 37.9 0.166 

23 47 1.32 711.1 15.1 1418.8 13.6 2133.9 0.2 0.0002 -43.6 -47.6 0.028 

23 46 9.58 711.1 15.1 1370.0 137.9 2081.6 0.3 0.0004 -95.9 -96.3 0.099 

21 49 0.35 652.0 1.8 1575.4 3.5 2226.4 0.0 0.0000 49.0 49.9 0.007 

21 48 0.36 652.0 1.8 1504.3 180.3 2152.7 0.0 0.0001 -24.8 -21.2 0.017 

20 49 1.00 648.1 2.8 1575.4 3.5 2223.3 0.1 0.0001 45.8 46.0 0.022 

20 48 -2.35 648.1 2.8 1504.3 180.3 2150.0 0.7 0.0008 -27.5 -25.1 0.094 

20 47 -0.95 648.1 2.8 1418.8 13.6 2066.7 0.0 0.0001 -110.8 -110.6 0.009 

19 49 -0.34 624.6 0.8 1575.4 3.5 2203.7 0.0 0.0000 26.3 22.5 0.015 

17 50 0.79 546.7 7.7 1595.7 12.1 2143.4 0.8 0.0010 -34.1 -35.1 0.023 

17 48 -1.12 546.7 7.7 1504.3 180.3 2050.6 0.1 0.0001 -126.9 -126.5 0.009 

15 52 -0.34 523.5 7.8 1699.8 923.0 2221.7 0.0 0.0000 44.2 45.8 0.008 

14 53 0.26 439.7 0.2 1770.0 0.5 2218.7 0.0 0.0000 41.2 32.3 0.008 

11 52 0.41 373.4 0.9 1699.8 923.0 2074.6 0.1 0.0002 -102.8 -104.3 0.004 

5 54 -4.35 112.3 6.4 2177.5 788.8 2290.1 0.4 0.0005 112.7 112.3 0.039 
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6-311++G(d,p)  

 

i j 
Kijk 

/ cm-1 

ω(i)   / 

cm-1 

I(i) / km 

mol-1 

ω(j)   / 

cm-1 

I(j) / km 

mol-1 

ω(ij)   / 

cm-1 

I(ij) / km 

mol-1 

I(ij) / 

I(k) 
∆ω’ ∆ω TFR 

39 39 37.50 1130.0 46.4 1130.0 46.4 2256.4 14.1 0.0185 81.7 85.3 0.439 

38 38 2.23 1112.5 70.2 1112.5 70.2 2268.8 0.5 0.0006 94.2 50.4 0.044 

37 37 1.47 1165.5 9.1 1165.5 9.1 2292.1 0.0 0.0000 117.5 156.3 0.009 

36 36 0.27 1082.6 14.7 1082.6 14.7 2170.7 0.4 0.0005 -4.0 -9.4 0.028 

35 35 0.67 1040.2 0.9 1040.2 0.9 2073.5 0.1 0.0001 -101.1 -94.3 0.007 

34 34 -0.56 1034.0 11.7 1034.0 11.7 2058.8 0.0 0.0000 -115.9 -106.7 0.005 

38 39 -1.14 1112.5 70.2 1130.0 46.4 2265.6 0.1 0.0001 90.9 67.9 0.017 

37 39 0.65 1165.5 9.1 1130.0 46.4 2274.1 0.0 0.0000 99.4 120.8 0.005 

37 38 0.31 1165.5 9.1 1112.5 70.2 2279.7 0.2 0.0003 105.0 103.4 0.003 

36 41 0.46 1082.6 14.7 1199.3 32.5 2292.4 0.1 0.0001 117.7 107.3 0.004 

36 40 -0.93 1082.6 14.7 1240.0 4.8 2309.3 0.0 0.0000 134.6 147.9 0.006 

36 39 -2.94 1082.6 14.7 1130.0 46.4 2212.2 12.1 0.0158 37.5 38.0 0.077 

35 39 0.33 1040.2 0.9 1130.0 46.4 2167.0 0.1 0.0001 -7.7 -4.5 0.073 

35 38 0.64 1040.2 0.9 1112.5 70.2 2170.7 1.6 0.0021 -4.0 -22.0 0.029 

35 37 0.29 1040.2 0.9 1165.5 9.1 2181.7 0.4 0.0005 7.0 31.0 0.009 

34 41 0.28 1034.0 11.7 1199.3 32.5 2238.8 0.0 0.0000 64.2 58.6 0.005 

34 40 -0.93 1034.0 11.7 1240.0 4.8 2257.6 6.8 0.0089 82.9 99.3 0.009 

34 39 -2.79 1034.0 11.7 1130.0 46.4 2158.2 0.8 0.0011 -16.5 -10.7 0.262 

34 37 0.80 1034.0 11.7 1165.5 9.1 2174.4 0.0 0.0001 -0.2 24.8 0.032 

33 42 0.28 1020.9 3.4 1290.3 82.7 2303.8 0.0 0.0000 129.1 136.5 0.002 

33 39 0.51 1020.9 3.4 1130.0 46.4 2144.0 0.0 0.0000 -30.6 -23.8 0.022 

31 44 0.55 950.1 14.6 1352.2 2.7 2302.3 0.0 0.0000 127.7 127.7 0.004 

31 43 -0.45 950.1 14.6 1313.3 38.9 2264.7 0.4 0.0006 90.0 88.7 0.005 

31 42 0.89 950.1 14.6 1290.3 82.7 2241.1 0.1 0.0001 66.4 65.7 0.014 

31 41 -0.22 950.1 14.6 1199.3 32.5 2160.3 0.3 0.0004 -14.4 -25.3 0.009 

31 40 0.47 950.1 14.6 1240.0 4.8 2179.2 0.0 0.0000 4.6 15.4 0.031 

31 39 1.22 950.1 14.6 1130.0 46.4 2081.7 0.0 0.0000 -93.0 -94.6 0.013 

30 42 0.21 987.0 3.7 1290.3 82.7 2289.8 0.0 0.0000 115.1 102.7 0.002 

30 38 -0.34 987.0 3.7 1112.5 70.2 2137.1 0.1 0.0001 -37.6 -75.1 0.004 

29 46 -0.36 860.3 21.7 1372.6 160.6 2240.7 0.1 0.0002 66.0 58.2 0.006 

29 45 1.97 860.3 21.7 1318.2 118.6 2191.5 3.4 0.0044 16.9 3.9 0.510 

29 42 -0.29 860.3 21.7 1290.3 82.7 2160.4 0.0 0.0000 -14.2 -24.1 0.012 

28 46 -0.77 847.7 50.0 1372.6 160.6 2223.3 0.2 0.0003 48.6 45.6 0.017 

28 45 3.22 847.7 50.0 1318.2 118.6 2174.5 3.2 0.0042 -0.1 -8.8 0.366 

28 43 0.22 847.7 50.0 1313.3 38.9 2169.6 0.0 0.0000 -5.0 -13.7 0.016 

28 42 -0.50 847.7 50.0 1290.3 82.7 2143.9 0.0 0.0000 -30.8 -36.7 0.014 

28 40 -0.30 847.7 50.0 1240.0 4.8 2081.3 0.0 0.0000 -93.4 -87.0 0.003 

27 47 -0.35 819.0 6.0 1429.3 4.8 2248.7 0.0 0.0000 74.0 73.6 0.005 

27 46 -13.11 819.0 6.0 1372.6 160.6 2191.7 124.7 0.1634 17.0 16.9 0.777 

27 45 58.78 819.0 6.0 1318.2 118.6 2126.1 179.8 0.2355 -48.6 -37.5 1.568 

27 44 -0.58 819.0 6.0 1352.2 2.7 2169.7 0.0 0.0000 -5.0 -3.5 0.168 

27 43 4.22 819.0 6.0 1313.3 38.9 2134.0 0.4 0.0005 -40.7 -42.4 0.099 

27 42 -9.71 819.0 6.0 1290.3 82.7 2107.7 1.6 0.0021 -67.0 -65.4 0.148 

27 40 -5.54 819.0 6.0 1240.0 4.8 2047.5 0.0 0.0001 -127.2 -115.7 0.048 

26 46 1.12 903.1 29.5 1372.6 160.6 2255.0 2.3 0.0030 80.3 100.9 0.011 

26 45 -6.04 903.1 29.5 1318.2 118.6 2205.0 3.9 0.0051 30.4 46.6 0.130 

26 43 -0.45 903.1 29.5 1313.3 38.9 2198.8 0.0 0.0000 24.1 41.7 0.011 

26 42 1.01 903.1 29.5 1290.3 82.7 2172.5 0.0 0.0001 -2.2 18.7 0.054 

26 40 0.28 903.1 29.5 1240.0 4.8 2113.6 0.0 0.0000 -61.1 -31.7 0.009 

25 48 0.22 778.1 0.0 1518.4 150.3 2296.7 0.0 0.0000 122.0 121.9 0.002 

25 46 1.61 778.1 0.0 1372.6 160.6 2148.1 0.7 0.0009 -26.6 -24.0 0.067 
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i j 
Kijk 

/ cm-1 
ω(i)   / 

cm-1 
I(i) / km 

mol-1 
ω(j)   / 

cm-1 
I(j) / km 

mol-1 
ω(ij)   / 

cm-1 
I(ij) / km 

mol-1 
I(ij) / 

I(k) 
∆ω’ ∆ω TFR 

25 45 -3.42 778.1 0.0 1318.2 118.6 2099.8 0.1 0.0002 -74.9 -78.3 0.044 

25 43 -0.28 778.1 0.0 1313.3 38.9 2092.9 0.0 0.0000 -81.8 -83.2 0.003 

25 42 0.65 778.1 0.0 1290.3 82.7 2068.9 0.0 0.0000 -105.8 -106.2 0.006 

24 45 0.51 733.3 14.1 1318.2 118.6 2055.1 0.1 0.0001 -119.6 -123.2 0.004 

23 49 2.46 711.6 17.7 1578.9 3.5 2291.9 0.1 0.0001 117.3 115.8 0.021 

23 48 -6.33 711.6 17.7 1518.4 150.3 2230.0 4.6 0.0060 55.3 55.3 0.114 

23 47 -1.32 711.6 17.7 1429.3 4.8 2142.9 0.2 0.0002 -31.8 -33.8 0.039 

23 46 -9.54 711.6 17.7 1372.6 160.6 2082.6 0.3 0.0004 -92.0 -90.5 0.105 

23 44 -0.72 711.6 17.7 1352.2 2.7 2062.2 0.0 0.0000 -112.4 -110.9 0.006 

21 49 0.32 651.8 1.9 1578.9 3.5 2231.0 0.0 0.0000 56.3 56.0 0.006 

21 48 0.41 651.8 1.9 1518.4 150.3 2169.0 0.1 0.0001 -5.7 -4.5 0.092 

20 49 0.99 646.6 2.2 1578.9 3.5 2226.6 0.1 0.0001 51.9 50.8 0.019 

20 48 -2.32 646.6 2.2 1518.4 150.3 2164.4 0.6 0.0008 -10.2 -9.7 0.239 

20 47 -0.98 646.6 2.2 1429.3 4.8 2075.8 0.0 0.0001 -98.9 -98.7 0.010 

19 49 -0.33 629.1 0.6 1578.9 3.5 2209.6 0.0 0.0000 35.0 33.3 0.010 

17 50 -0.78 549.4 9.9 1600.8 9.8 2151.7 0.8 0.0010 -22.9 -24.5 0.032 

17 48 1.04 549.4 9.9 1518.4 150.3 2068.9 0.1 0.0001 -105.8 -106.9 0.010 

15 52 -0.34 561.9 0.9 1699.6 948.8 2254.3 0.0 0.0000 79.6 86.7 0.004 

14 53 -0.26 445.8 0.4 1772.5 0.3 2231.0 0.0 0.0000 56.3 43.6 0.006 

14 50 0.28 445.8 0.4 1600.8 9.8 2051.9 0.0 0.0000 -122.7 -128.0 0.002 

12 50 0.42 461.1 1.2 1600.8 9.8 2060.1 0.0 0.0000 -114.6 -112.8 0.004 

11 52 0.41 376.5 0.9 1699.6 948.8 2075.8 0.1 0.0002 -98.9 -98.7 0.004 

10 52 0.30 345.2 4.5 1699.6 948.8 2044.7 0.0 0.0000 -130.0 -129.9 0.002 

5 54 4.34 125.8 11.6 2174.7 763.1 2294.8 0.4 0.0005 120.1 125.8 0.035 

 

6-311++G(df,pd)  

 

i j 
Kijk 

/ cm-1 

ω(i)   / 

cm-1 

I(i) / km 

mol-1 

ω(j)   / 

cm-1 

I(j) / km 

mol-1 

ω(ij)   / 

cm-1 

I(ij) / km 

mol-1 

I(ij) / 

I(k) 
∆ω’ ∆ω TFR 

39 39 37.99 1124.8 36.3 1124.8 36.3 2247.0 12.7 0.0176 73.9 76.5 0.497 

38 38 2.13 1110.6 17.3 1110.6 17.3 2223.0 0.2 0.0003 49.9 48.2 0.044 

37 37 1.75 1108.2 33.4 1108.2 33.4 2216.5 0.1 0.0001 43.4 43.2 0.040 

36 36 0.33 1085.7 14.7 1085.7 14.7 2176.2 0.4 0.0005 3.2 -1.7 0.187 

35 35 0.70 1035.7 11.1 1035.7 11.1 2069.9 0.1 0.0002 -103.2 -101.6 0.007 

39 40 12.68 1124.8 36.3 1165.3 3.9 2288.7 1.6 0.0022 115.6 117.0 0.108 

38 40 0.42 1110.6 17.3 1165.3 3.9 2275.6 0.3 0.0004 102.5 102.9 0.004 

38 39 1.23 1110.6 17.3 1124.8 36.3 2236.9 0.0 0.0001 63.8 62.3 0.020 

37 39 0.65 1108.2 33.4 1124.8 36.3 2232.9 0.0 0.0001 59.9 59.8 0.011 

37 38 -0.39 1108.2 33.4 1110.6 17.3 2218.7 0.3 0.0005 45.7 45.7 0.009 

36 41 0.46 1085.7 14.7 1202.9 17.5 2288.6 0.1 0.0001 115.5 115.5 0.004 

36 40 -0.99 1085.7 14.7 1165.3 3.9 2250.3 0.0 0.0000 77.3 77.9 0.013 

36 39 -3.18 1085.7 14.7 1124.8 36.3 2210.5 4.1 0.0058 37.4 37.4 0.085 

35 39 0.35 1035.7 11.1 1124.8 36.3 2160.4 0.1 0.0001 -12.6 -12.6 0.028 

35 38 -0.58 1035.7 11.1 1110.6 17.3 2145.9 1.3 0.0018 -27.2 -26.7 0.022 

35 37 0.45 1035.7 11.1 1108.2 33.4 2142.4 0.8 0.0012 -30.7 -29.2 0.016 

34 42 -1.26 1014.7 1.0 1285.0 62.2 2297.5 0.0 0.0000 124.5 126.6 0.010 

34 41 0.27 1014.7 1.0 1202.9 17.5 2217.4 0.0 0.0000 44.3 44.5 0.006 

34 40 -0.88 1014.7 1.0 1165.3 3.9 2178.3 0.7 0.0010 5.2 6.9 0.127 

34 39 -2.50 1014.7 1.0 1124.8 36.3 2138.9 1.0 0.0014 -34.1 -33.6 0.074 

34 38 0.34 1014.7 1.0 1110.6 17.3 2126.5 0.0 0.0000 -46.6 -47.8 0.007 

34 37 0.65 1014.7 1.0 1108.2 33.4 2122.7 0.1 0.0001 -50.4 -50.2 0.013 
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i j 
Kijk 

/ cm-1 
ω(i)   / 

cm-1 
I(i) / km 

mol-1 
ω(j)   / 

cm-1 
I(j) / km 

mol-1 
ω(ij)   / 

cm-1 
I(ij) / km 

mol-1 
I(ij) / 

I(k) 
∆ω’ ∆ω TFR 

33 45 -0.60 978.9 1.9 1318.7 124.5 2293.3 0.0 0.0000 120.2 124.5 0.005 

33 42 -0.25 978.9 1.9 1285.0 62.2 2260.1 0.0 0.0000 87.0 90.8 0.003 

33 39 0.40 978.9 1.9 1124.8 36.3 2099.8 0.0 0.0000 -73.2 -69.4 0.006 

31 45 0.30 952.6 3.0 1318.7 124.5 2274.0 0.0 0.0000 100.9 98.2 0.003 

31 38 0.23 952.6 3.0 1110.6 17.3 2067.7 0.0 0.0001 -105.3 -109.8 0.002 

30 45 -0.34 947.9 11.4 1318.7 124.5 2266.1 0.0 0.0000 93.0 93.5 0.004 

30 44 -0.54 947.9 11.4 1307.6 4.6 2255.1 0.0 0.0000 82.0 82.4 0.007 

30 43 -0.30 947.9 11.4 1316.3 0.8 2263.1 0.5 0.0007 90.0 91.1 0.003 

30 42 -1.02 947.9 11.4 1285.0 62.2 2232.3 0.0 0.0000 59.2 59.8 0.017 

30 41 -0.28 947.9 11.4 1202.9 17.5 2148.8 0.4 0.0005 -24.3 -22.3 0.013 

30 40 0.57 947.9 11.4 1165.3 3.9 2112.3 0.0 0.0000 -60.8 -59.9 0.010 

30 39 1.32 947.9 11.4 1124.8 36.3 2072.5 0.0 0.0000 -100.6 -100.4 0.013 

29 46 -0.27 843.1 15.6 1355.3 74.5 2208.4 0.1 0.0002 35.3 25.3 0.011 

29 45 1.44 843.1 15.6 1318.7 124.5 2163.9 144.5 0.2007 -9.1 -11.3 0.128 

29 42 0.22 843.1 15.6 1285.0 62.2 2131.3 0.0 0.0000 -41.8 -45.0 0.005 

28 46 -0.70 858.1 85.6 1355.3 74.5 2212.3 0.1 0.0002 39.2 40.3 0.017 

28 45 2.81 858.1 85.6 1318.7 124.5 2168.8 7.5 0.0104 -4.3 3.7 0.753 

28 42 0.38 858.1 85.6 1285.0 62.2 2136.4 0.0 0.0000 -36.7 -30.0 0.013 

27 48 -1.16 804.8 7.0 1496.6 173.8 2305.6 0.1 0.0001 132.6 128.3 0.009 

27 46 -3.13 804.8 7.0 1355.3 74.5 2173.1 3.6 0.0050 0.0 -13.0 0.240 

27 45 12.27 804.8 7.0 1318.7 124.5 2127.5 41.2 0.0572 -45.6 -49.6 0.247 

27 43 0.55 804.8 7.0 1316.3 0.8 2128.4 0.0 0.0000 -44.7 -52.0 0.011 

27 42 1.86 804.8 7.0 1285.0 62.2 2094.6 0.1 0.0001 -78.4 -83.3 0.022 

26 46 -13.39 817.8 5.5 1355.3 74.5 2178.9 95.9 0.1332 5.8 0.0 892.798 

26 45 57.89 817.8 5.5 1318.7 124.5 2120.7 117.0 0.1625 -52.4 -36.6 1.582 

26 44 1.01 817.8 5.5 1307.6 4.6 2122.0 0.1 0.0001 -51.1 -47.7 0.021 

26 43 2.53 817.8 5.5 1316.3 0.8 2132.9 0.2 0.0003 -40.2 -38.9 0.065 

26 42 8.75 817.8 5.5 1285.0 62.2 2098.5 1.4 0.0019 -74.6 -70.3 0.124 

25 48 0.23 778.0 3.1 1496.6 173.8 2275.7 0.0 0.0000 102.6 101.5 0.002 

25 46 1.73 778.0 3.1 1355.3 74.5 2140.8 0.8 0.0011 -32.3 -39.8 0.043 

25 45 -3.61 778.0 3.1 1318.7 124.5 2097.6 0.2 0.0002 -75.5 -76.4 0.047 

25 42 -0.64 778.0 3.1 1285.0 62.2 2065.1 0.0 0.0000 -108.0 -110.1 0.006 

23 50 0.25 712.5 23.3 1589.8 4.4 2301.0 0.0 0.0000 127.9 129.3 0.002 

23 49 2.32 712.5 23.3 1572.4 3.1 2285.2 0.1 0.0001 112.1 111.8 0.021 

23 48 -6.26 712.5 23.3 1496.6 173.8 2207.9 2.8 0.0039 34.8 36.0 0.174 

23 47 -1.14 712.5 23.3 1415.6 4.6 2128.2 0.2 0.0002 -44.8 -44.9 0.025 

23 46 -10.00 712.5 23.3 1355.3 74.5 2074.3 0.4 0.0006 -98.8 -105.3 0.095 

21 49 0.44 652.8 3.9 1572.4 3.1 2220.0 0.0 0.0000 47.0 52.1 0.008 

20 49 0.90 640.3 0.3 1572.4 3.1 2217.9 0.1 0.0001 44.8 39.6 0.023 

20 48 -2.33 640.3 0.3 1496.6 173.8 2141.5 1.1 0.0015 -31.6 -36.2 0.064 

20 47 -0.89 640.3 0.3 1415.6 4.6 2060.6 0.0 0.0000 -112.5 -117.2 0.008 

19 49 -0.35 630.3 0.6 1572.4 3.1 2204.5 0.0 0.0000 31.5 29.7 0.012 

17 50 -0.81 540.3 8.2 1589.8 4.4 2130.8 1.0 0.0013 -42.2 -42.9 0.019 

15 52 -0.32 509.4 10.9 1702.2 45.7 2216.5 0.0 0.0000 43.4 38.5 0.008 

14 53 0.26 439.3 0.7 1768.1 0.9 2221.2 0.0 0.0000 48.2 34.3 0.008 

11 52 0.39 371.0 1.3 1702.2 45.7 2073.0 0.1 0.0002 -100.1 -99.9 0.004 

10 53 -0.29 330.6 6.0 1768.1 0.9 2112.8 0.0 0.0000 -60.3 -74.4 0.004 

6 54 6.27 108.0 0.8 2173.1 719.8 2265.1 0.1 0.0002 92.0 108.0 0.058 

5 54 4.38 118.2 11.2 2173.1 719.8 2277.0 0.4 0.0005 103.9 118.2 0.037 

1 54 1.13 -8.1 0.4 2173.1 719.8 2154.5 2.0 0.0028 -18.6 -8.1 0.140 
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APPENDIX F 

VIBRATIONAL MODES OF 4-AZIDO-N-PHENYLMALEIMIDE (ISOMER 1) THAT 

OCCUR WITHIN ±130 CM-1 FROM THE FUNDAMENTAL VIBRATION FOR SEVEN 

BASIS SETS IN THF 

i, j, k : vibrational modes ; where k = 54 (azide asymmetric stretch)  

i = j → overtone & i ≠ j → combination band 

Kijk : cubic force constant 

TFR : third-order Fermi resonance  

ω(i), ω(j), ω(k) : anharmonic frequencies of i, j & k th mode  

ω(ij) : anharmonic frequency of ij th mode 

I(i), I(j), I(k) : anharmonic intensities of i, j & k th mode  

I(ij) : anharmonic intensity of ij th mode 

∆ω’ : ω(ij) - ω(k)   

∆ω : ω(i) + ω(j) - ω(k)   

 

6-31G(d,p)  

i j 
Kijk 

/ cm-1 

ω(i)   / 

cm-1 

I(i) / km 

mol-1 

ω(j)   / 

cm-1 

I(j) / km 

mol-1 

ω(ij)   / 

cm-1 

I(ij) / km 

mol-1 

I(ij) / 

I(k) 
∆ω’ ∆ω TFR 

39 39 -36.15 1147.1 17.7 1147.1 17.7 2289.7 12.0 0.0267 93.4 98.0 0.369 

38 38 -3.98 1144.5 13.0 1144.5 13.0 2279.6 0.3 0.0006 83.3 92.8 0.043 

37 37 -1.59 1116.5 22.0 1116.5 22.0 2245.7 0.0 0.0000 49.4 36.7 0.043 

36 36 -0.30 1061.7 10.4 1061.7 10.4 2119.4 0.4 0.0008 -76.8 -72.9 0.004 

35 35 -0.61 1028.7 7.4 1028.7 7.4 2055.8 0.2 0.0004 -140.5 -138.8 0.004 

39 40 -14.16 1147.1 17.7 1193.1 11.0 2341.9 1.8 0.0041 145.7 144.0 0.098 

38 40 -3.01 1144.5 13.0 1193.1 11.0 2338.3 0.3 0.0007 142.0 141.4 0.021 

38 39 -7.31 1144.5 13.0 1147.1 17.7 2286.1 1.6 0.0035 89.9 95.4 0.077 

37 40 -0.48 1116.5 22.0 1193.1 11.0 2320.4 0.5 0.0011 124.1 113.3 0.004 

37 39 -1.68 1116.5 22.0 1147.1 17.7 2268.4 0.0 0.0000 72.2 67.3 0.025 

37 38 0.36 1116.5 22.0 1144.5 13.0 2262.3 0.4 0.0010 66.0 64.7 0.006 

36 41 -0.50 1061.7 10.4 1216.4 1.3 2274.2 0.1 0.0002 77.9 81.8 0.006 

36 40 0.82 1061.7 10.4 1193.1 11.0 2257.7 0.0 0.0001 61.5 58.5 0.014 

36 39 2.37 1061.7 10.4 1147.1 17.7 2207.7 24.8 0.0552 11.4 12.5 0.189 

36 38 0.50 1061.7 10.4 1144.5 13.0 2202.1 1.0 0.0021 5.8 10.0 0.050 
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i j 
Kijk 

/ cm-1 
ω(i)   / 

cm-1 
I(i) / km 

mol-1 
ω(j)   / 

cm-1 
I(j) / km 

mol-1 
ω(ij)   / 

cm-1 
I(ij) / km 

mol-1 
I(ij) / 

I(k) 
∆ω’ ∆ω TFR 

35 42 0.25 1028.7 7.4 1300.7 8.0 2327.3 0.7 0.0015 131 133.2 0.002 

35 39 -0.71 1028.7 7.4 1147.1 17.7 2174.5 0.2 0.0004 -21.8 -20.4 0.035 

35 38 0.63 1028.7 7.4 1144.5 13.0 2166.5 1.2 0.0027 -29.8 -23 0.027 

35 37 -0.44 1028.7 7.4 1116.5 22.0 2149.8 0.6 0.0012 -46.5 -51.1 0.009 

34 44 -0.73 1023.5 0.2 1313.4 19.7 2342.5 0.1 0.0002 146.2 140.6 0.005 

34 41 -0.73 1023.5 0.2 1216.4 1.3 2236.7 0.1 0.0001 40.4 43.6 0.017 

34 40 1.56 1023.5 0.2 1193.1 11.0 2219.7 3.2 0.0071 23.4 20.4 0.077 

34 39 3.47 1023.5 0.2 1147.1 17.7 2169.3 0.6 0.0014 -27 -25.6 0.135 

34 38 0.45 1023.5 0.2 1144.5 13.0 2164.2 0.0 0.0001 -32.1 -28.2 0.016 

34 37 -0.61 1023.5 0.2 1116.5 22.0 2145.8 0.0 0.0001 -50.5 -56.3 0.011 

34 35 -0.26 1023.5 0.2 1028.7 7.4 2052.1 0.0 0.0001 -144.2 -144 0.002 

33 45 -0.20 981.8 3.2 1331.6 161.6 2314.0 0.0 0.0000 117.7 117.1 0.002 

32 46 -0.38 948.5 4.8 1374.5 91.1 2326.6 0.0 0.0000 130.4 126.7 0.003 

32 45 1.31 948.5 4.8 1331.6 161.6 2282.9 0.0 0.0000 86.6 83.8 0.016 

32 43 -0.88 948.5 4.8 1322.2 17.3 2271.2 0.0 0.0001 74.9 74.4 0.012 

32 41 -0.31 948.5 4.8 1216.4 1.3 2162.4 0.4 0.0008 -33.9 -31.4 0.010 

32 40 0.23 948.5 4.8 1193.1 11.0 2147.2 0.0 0.0000 -49.1 -54.7 0.004 

32 39 0.92 948.5 4.8 1147.1 17.7 2096.8 0.0 0.0000 -99.5 -100.7 0.009 

32 38 0.35 948.5 4.8 1144.5 13.0 2090.7 0.1 0.0002 -105.6 -103.2 0.003 

31 45 0.64 961.3 7.9 1331.6 161.6 2290.7 0.0 0.0000 94.4 96.6 0.007 

31 43 -0.23 961.3 7.9 1322.2 17.3 2279.0 0.0 0.0000 82.7 87.2 0.003 

29 46 -0.69 849.6 69.6 1374.5 91.1 2218.9 0.4 0.0009 22.6 27.8 0.025 

29 45 2.81 849.6 69.6 1331.6 161.6 2175.6 0.7 0.0017 -20.7 -15.1 0.187 

29 44 0.66 849.6 69.6 1313.4 19.7 2164.9 0.0 0.0000 -31.4 -33.3 0.020 

28 46 6.61 834.2 5.6 1374.5 91.1 2214.1 25.2 0.0561 17.8 12.4 0.533 

28 45 -24.52 834.2 5.6 1331.6 161.6 2168.3 31.0 0.0691 -28 -30.5 0.804 

28 44 -5.33 834.2 5.6 1313.4 19.7 2159.3 0.4 0.0010 -37 -48.7 0.110 

28 43 -2.66 834.2 5.6 1322.2 17.3 2159.2 0.1 0.0003 -37.1 -39.9 0.067 

28 42 1.12 834.2 5.6 1300.7 8.0 2140.3 0.0 0.0000 -56 -61.4 0.018 

28 41 -1.02 834.2 5.6 1216.4 1.3 2051.3 0.0 0.0000 -145 -145.7 0.007 

27 48 -6.42 825.4 0.1 1517.6 101.8 2343.3 1.5 0.0034 147 146.8 0.044 

27 47 -0.26 825.4 0.1 1440.4 0.7 2267.8 0.0 0.0001 71.6 69.5 0.004 

27 46 -14.25 825.4 0.1 1374.5 91.1 2205.8 230.5 0.5140 9.5 3.6 3.942 

27 45 52.03 825.4 0.1 1331.6 161.6 2148.4 97.4 0.2173 -47.8 -39.3 1.325 

27 44 11.27 825.4 0.1 1313.4 19.7 2146.6 2.1 0.0046 -49.7 -57.5 0.196 

27 43 5.71 825.4 0.1 1322.2 17.3 2146.8 0.4 0.0009 -49.5 -48.6 0.117 

27 42 -2.34 825.4 0.1 1300.7 8.0 2127.6 0.1 0.0002 -68.7 -70.2 0.033 

26 46 -0.88 805.5 2.1 1374.5 91.1 2181.9 1.9 0.0041 -14.4 -16.4 0.054 

26 45 1.87 805.5 2.1 1331.6 161.6 2138.7 0.1 0.0002 -57.6 -59.2 0.032 

26 44 0.46 805.5 2.1 1313.4 19.7 2128.2 0.0 0.0001 -68.1 -77.4 0.006 

25 48 -0.49 761.3 4.1 1517.6 101.8 2278.9 0.1 0.0001 82.6 82.6 0.006 

25 46 -2.50 761.3 4.1 1374.5 91.1 2135.9 0.7 0.0015 -60.4 -60.5 0.041 

25 45 5.19 761.3 4.1 1331.6 161.6 2093.3 0.1 0.0003 -103 -103.4 0.050 

25 44 1.23 761.3 4.1 1313.4 19.7 2082.2 0.0 0.0001 -114.1 -121.6 0.010 

25 43 0.70 761.3 4.1 1322.2 17.3 2081.9 0.0 0.0000 -114.4 -112.8 0.006 

25 42 -0.27 761.3 4.1 1300.7 8.0 2061.3 0.0 0.0000 -135 -134.3 0.002 

24 48 0.26 718.6 10.6 1517.6 101.8 2232.7 0.0 0.0001 36.4 40 0.007 

24 46 0.24 718.6 10.6 1374.5 91.1 2093.1 0.4 0.0009 -103.1 -103.2 0.002 

24 45 -0.76 718.6 10.6 1331.6 161.6 2049.9 0.1 0.0002 -146.4 -146.1 0.005 

23 50 -0.69 707.0 16.0 1615.1 9.3 2322.4 0.0 0.0001 126.2 125.8 0.005 

23 49 -2.31 707.0 16.0 1596.6 1.8 2303.8 0.1 0.0002 107.5 107.3 0.022 

23 48 6.79 707.0 16.0 1517.6 101.8 2225.2 11.6 0.0259 28.9 28.4 0.239 
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i j 
Kijk 

/ cm-1 
ω(i)   / 

cm-1 
I(i) / km 

mol-1 
ω(j)   / 

cm-1 
I(j) / km 

mol-1 
ω(ij)   / 

cm-1 
I(ij) / km 

mol-1 
I(ij) / 

I(k) 
∆ω’ ∆ω TFR 

23 47 1.22 707.0 16.0 1440.4 0.7 2149.4 0.1 0.0002 -46.9 -48.9 0.025 

23 46 10.87 707.0 16.0 1374.5 91.1 2082.8 0.2 0.0005 -113.4 -114.8 0.095 

21 50 -0.25 643.2 2.2 1615.1 9.3 2256.8 0.0 0.0000 60.5 62.0 0.004 

21 48 0.88 643.2 2.2 1517.6 101.8 2159.7 0.1 0.0002 -36.6 -35.5 0.025 

21 47 0.30 643.2 2.2 1440.4 0.7 2083.8 0.1 0.0002 -112.5 -112.7 0.003 

20 50 -0.23 641.0 3.1 1615.1 9.3 2256.0 0.0 0.0000 59.7 59.8 0.004 

20 49 -0.94 641.0 3.1 1596.6 1.8 2238.7 0.2 0.0003 42.4 41.3 0.023 

20 48 2.18 641.0 3.1 1517.6 101.8 2158.9 0.2 0.0004 -37.4 -37.7 0.058 

20 47 0.88 641.0 3.1 1440.4 0.7 2082.6 0.1 0.0002 -113.7 -114.9 0.008 

18 52 0.26 583.3 5.8 1748.4 235.1 2329.6 0.0 0.0001 133.3 135.4 0.002 

18 48 0.32 583.3 5.8 1517.6 101.8 2101.0 0.0 0.0000 -95.3 -95.4 0.003 

17 50 0.92 546.3 6.7 1615.1 9.3 2160.8 0.8 0.0018 -35.5 -34.9 0.026 

17 48 -0.77 546.3 6.7 1517.6 101.8 2063.1 0.0 0.0000 -133.1 -132.3 0.006 

14 50 0.49 434.7 4.8 1615.1 9.3 2049.5 0.0 0.0000 -146.8 -146.5 0.003 

5 54 -3.48 128.8 4.1 2196.3 448.4 2314.2 0.3 0.0006 117.9 128.8 0.027 

2 54 -0.74 86.7 2.7 2196.3 448.4 2283.3 0.1 0.0003 87.0 86.7 0.009 

1 54 0.95 39.4 0.4 2196.3 448.4 2240.8 1.3 0.0029 44.6 39.4 0.024 

 

 

6-31+G(d,p)  

 

i j 
Kijk 

/ cm-1 

ω(i)   / 

cm-1 

I(i) / km 

mol-1 

ω(j)   / 

cm-1 

I(j) / km 

mol-1 

ω(ij)   / 

cm-1 

I(ij) / km 

mol-1 

I(ij) / 

I(k) 
∆ω’ ∆ω TFR 

39 39 38.91 1137.1 31.1 1137.1 31.1 2273.2 15.2 0.0217 87.4 88.4 0.440 

38 38 2.68 1120.2 37.7 1120.2 37.7 2249.4 0.5 0.0007 63.6 54.6 0.049 

37 37 1.09 1143.8 8.2 1143.8 8.2 2277.3 0.0 0.0000 91.5 101.8 0.011 

36 36 0.26 1086.7 14.9 1086.7 14.9 2177.6 0.3 0.0004 -8.2 -12.4 0.021 

35 35 0.70 1032.7 15.5 1032.7 15.5 2062.8 0.2 0.0002 -123.0 -120.5 0.006 

34 34 -0.48 1023.0 1.0 1023.0 1.0 2046.2 0.0 0.0000 -139.6 -139.8 0.003 

38 41 -0.50 1120.2 37.7 1215.0 3.4 2335.4 1.6 0.0023 149.6 149.4 0.003 

38 40 1.29 1120.2 37.7 1199.2 14.0 2332.0 0.1 0.0002 146.1 133.6 0.010 

38 39 3.84 1120.2 37.7 1137.1 31.1 2264.5 0.5 0.0007 78.7 71.5 0.054 

37 39 0.85 1143.8 8.2 1137.1 31.1 2274.5 0.0 0.0000 88.7 95.1 0.009 

37 38 -0.29 1143.8 8.2 1120.2 37.7 2264.2 0.1 0.0002 78.4 78.2 0.004 

36 41 0.47 1086.7 14.9 1215.0 3.4 2296.9 0.1 0.0001 111.1 115.9 0.004 

36 40 -0.80 1086.7 14.9 1199.2 14.0 2289.6 0.0 0.0000 103.8 100.1 0.008 

36 39 -2.77 1086.7 14.9 1137.1 31.1 2224.0 19.9 0.0284 38.2 38.0 0.073 

36 38 -0.29 1086.7 14.9 1120.2 37.7 2213.5 1.3 0.0019 27.6 21.1 0.014 

35 39 0.44 1032.7 15.5 1137.1 31.1 2169.8 0.1 0.0001 -16.0 -16.0 0.028 

35 38 -0.78 1032.7 15.5 1120.2 37.7 2155.2 1.9 0.0028 -30.7 -32.9 0.024 

34 44 0.28 1023.0 1.0 1306.0 151.1 2332.3 0.1 0.0001 146.5 143.2 0.002 

34 41 0.38 1023.0 1.0 1215.0 3.4 2233.8 0.0 0.0000 47.9 52.2 0.007 

34 40 -0.96 1023.0 1.0 1199.2 14.0 2227.0 5.2 0.0074 41.2 36.4 0.026 

34 39 -3.31 1023.0 1.0 1137.1 31.1 2160.6 0.8 0.0012 -25.2 -25.7 0.129 

34 37 0.81 1023.0 1.0 1143.8 8.2 2160.5 0.0 0.0001 -25.3 -19.0 0.043 

33 45 -0.35 913.1 11.1 1323.3 56.4 2266.9 0.0 0.0000 81.1 50.6 0.007 

33 44 -0.26 913.1 11.1 1306.0 151.1 2250.8 0.0 0.0000 65.0 33.3 0.008 

33 39 0.29 913.1 11.1 1137.1 31.1 2077.6 0.0 0.0000 -108.2 -135.6 0.002 

31 46 0.29 948.3 9.3 1371.9 10.7 2326.9 0.0 0.0000 141.1 134.4 0.002 

31 45 -1.11 948.3 9.3 1323.3 56.4 2276.2 0.0 0.0000 90.4 85.8 0.013 
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i j 
Kijk 

/ cm-1 
ω(i)   / 

cm-1 
I(i) / km 

mol-1 
ω(j)   / 

cm-1 
I(j) / km 

mol-1 
ω(ij)   / 

cm-1 
I(ij) / km 

mol-1 
I(ij) / 

I(k) 
∆ω’ ∆ω TFR 

31 44 0.49 948.3 9.3 1306.0 151.1 2260.0 0.0 0.0000 74.2 68.5 0.007 

31 43 0.86 948.3 9.3 1331.6 60.1 2274.5 0.0 0.0001 88.7 94.1 0.009 

31 41 0.24 948.3 9.3 1215.0 3.4 2158.5 0.3 0.0005 -27.3 -22.5 0.011 

31 40 -0.35 948.3 9.3 1199.2 14.0 2152.9 0.0 0.0000 -32.9 -38.3 0.009 

31 39 -0.99 948.3 9.3 1137.1 31.1 2087.2 0.0 0.0000 -98.6 -100.4 0.010 

30 45 0.54 971.6 7.9 1323.3 56.4 2271.8 0.0 0.0000 86.0 109.1 0.005 

30 38 0.24 971.6 7.9 1120.2 37.7 2071.7 0.1 0.0001 -114.1 -94.0 0.003 

29 48 -0.36 788.0 3.5 1513.6 157.9 2334.5 0.0 0.0000 148.7 115.8 0.003 

29 46 -0.40 788.0 3.5 1371.9 10.7 2199.6 0.1 0.0002 13.8 -25.8 0.015 

29 45 2.18 788.0 3.5 1323.3 56.4 2148.8 1.2 0.0018 -37.0 -74.5 0.029 

29 44 0.53 788.0 3.5 1306.0 151.1 2133.8 0.0 0.0001 -52.0 -91.8 0.006 

29 43 0.26 788.0 3.5 1331.6 60.1 2149.3 0.0 0.0000 -36.5 -66.1 0.004 

28 46 -2.27 836.1 54.6 1371.9 10.7 2202.3 3.5 0.0051 16.5 22.2 0.102 

28 45 9.63 836.1 54.6 1323.3 56.4 2151.7 10.1 0.0145 -34.1 -26.4 0.364 

28 44 2.18 836.1 54.6 1306.0 151.1 2137.2 0.1 0.0002 -48.6 -43.7 0.050 

28 43 0.88 836.1 54.6 1331.6 60.1 2150.9 0.0 0.0000 -34.9 -18.1 0.049 

27 48 -6.71 819.7 3.3 1513.6 157.9 2331.5 1.8 0.0026 145.7 147.5 0.046 

27 46 -12.97 819.7 3.3 1371.9 10.7 2199.1 161.4 0.2311 13.3 5.8 2.226 

27 45 56.83 819.7 3.3 1323.3 56.4 2133.7 112.2 0.1606 -52.1 -42.8 1.328 

27 44 13.04 819.7 3.3 1306.0 151.1 2129.3 3.8 0.0055 -56.6 -60.1 0.217 

27 43 5.30 819.7 3.3 1331.6 60.1 2144.5 0.5 0.0008 -41.3 -34.5 0.154 

27 42 -1.32 819.7 3.3 1317.8 70.5 2137.2 0.0 0.0001 -48.6 -48.3 0.027 

26 46 0.27 860.8 57.1 1371.9 10.7 2214.7 0.8 0.0012 28.9 46.9 0.006 

26 45 -2.62 860.8 57.1 1323.3 56.4 2163.9 0.5 0.0007 -21.9 -1.7 1.516 

26 44 -0.62 860.8 57.1 1306.0 151.1 2149.2 0.0 0.0000 -36.7 -19.0 0.032 

26 40 0.30 860.8 57.1 1199.2 14.0 2043.5 0.0 0.0000 -142.3 -125.8 0.002 

25 48 -0.34 762.1 1.6 1513.6 157.9 2275.4 0.0 0.0001 89.6 89.9 0.004 

25 46 -1.90 762.1 1.6 1371.9 10.7 2138.8 0.6 0.0009 -47.0 -51.7 0.037 

25 45 4.18 762.1 1.6 1323.3 56.4 2088.9 0.1 0.0002 -96.9 -100.4 0.042 

25 44 1.05 762.1 1.6 1306.0 151.1 2073.9 0.0 0.0000 -111.9 -117.6 0.009 

25 43 0.48 762.1 1.6 1331.6 60.1 2087.4 0.0 0.0000 -98.4 -92.0 0.005 

24 48 0.23 702.8 54.5 1513.6 157.9 2211.4 0.0 0.0000 25.6 30.5 0.008 

23 50 0.46 710.9 11.9 1608.7 25.0 2315.1 0.0 0.0000 129.2 133.7 0.003 

23 49 2.48 710.9 11.9 1585.8 2.2 2294.8 0.1 0.0001 109.0 110.8 0.022 

23 48 -6.65 710.9 11.9 1513.6 157.9 2219.6 8.2 0.0118 33.8 38.6 0.172 

23 47 -1.11 710.9 11.9 1432.9 0.2 2140.0 0.1 0.0001 -45.8 -42.0 0.027 

23 46 -9.45 710.9 11.9 1371.9 10.7 2084.7 0.2 0.0003 -101.1 -103.0 0.092 

21 48 0.57 649.0 2.6 1513.6 157.9 2161.1 0.1 0.0001 -24.7 -23.2 0.024 

21 47 0.35 649.0 2.6 1432.9 0.2 2081.2 0.1 0.0001 -104.6 -103.9 0.003 

20 49 1.05 641.7 1.6 1585.8 2.2 2230.7 0.1 0.0002 44.9 41.7 0.025 

20 48 -2.39 641.7 1.6 1513.6 157.9 2154.5 0.4 0.0005 -31.3 -30.5 0.078 

20 47 -0.89 641.7 1.6 1432.9 0.2 2074.3 0.0 0.0001 -111.5 -111.2 0.008 

17 50 -0.78 546.9 7.5 1608.7 25.0 2153.9 0.7 0.0010 -31.9 -30.2 0.026 

17 48 0.92 546.9 7.5 1513.6 157.9 2058.1 0.1 0.0001 -127.7 -125.3 0.007 

15 52 -0.29 510.0 12.9 1714.2 714.8 2230.2 0.0 0.0000 44.4 38.4 0.008 

14 50 0.30 445.0 0.2 1608.7 25.0 2053.4 0.0 0.0000 -132.4 -132.2 0.002 

11 52 0.32 368.0 1.3 1714.2 714.8 2081.9 0.1 0.0001 -103.9 -103.6 0.003 

6 54 6.02 155.9 4.7 2185.8 698.6 2332.1 0.1 0.0002 146.3 155.9 0.039 

5 54 4.49 125.4 7.7 2185.8 698.6 2296.0 0.3 0.0005 110.2 125.4 0.036 

1 54 1.43 -0.5 0.0 2185.8 698.6 2175.3 1.6 0.0024 -10.5 -0.5 3.160 
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6-31++G(d,p) 

i j 
Kijk 

/ cm-1 

ω(i)   / 

cm-1 

I(i) / km 

mol-1 

ω(j)   / 

cm-1 

I(j) / km 

mol-1 

ω(ij)   / 

cm-1 

I(ij) / km 

mol-1 

I(ij) / 

I(k) 
∆ω’ ∆ω TFR 

41 41 -0.46 1034.8 512.5 1034.8 512.5 2270.6 0.0 0.0000 95.2 -105.7 0.004 

38 38 -2.65 1149.5 276.3 1149.5 276.3 2278.5 0.5 0.0007 103.1 123.5 0.021 

37 37 -1.07 1134.7 27.7 1134.7 27.7 2256.2 0.0 0.0000 80.8 94.0 0.011 

35 35 -0.69 1026.5 155.8 1026.5 155.8 2037.1 0.2 0.0002 -138.3 -122.4 0.006 

40 41 1.20 1224.8 19.3 1034.8 512.5 2312.2 0.0 0.0000 136.9 84.3 0.014 

38 41 0.47 1149.5 276.3 1034.8 512.5 2275.4 1.6 0.0020 100.0 8.9 0.053 

38 40 -1.26 1149.5 276.3 1224.8 19.3 2319.6 0.1 0.0002 144.2 198.9 0.006 

37 38 0.31 1134.7 27.7 1149.5 276.3 2268.2 0.1 0.0002 92.8 108.8 0.003 

35 39 -0.49 1026.5 155.8 1299.6 29.1 2275.3 0.1 0.0002 99.9 150.7 0.003 

35 38 0.78 1026.5 155.8 1149.5 276.3 2156.9 1.9 0.0025 -18.5 0.6 1.398 

34 41 -0.33 1172.9 143.8 1034.8 512.5 2293.3 0.0 0.0000 117.9 32.4 0.010 

34 37 -0.84 1172.9 143.8 1134.7 27.7 2297.9 0.0 0.0001 122.5 132.2 0.006 

33 44 -0.26 885.9 59.0 1285.3 118.5 2244.8 0.0 0.0000 69.4 -4.2 0.062 

33 39 0.34 885.9 59.0 1299.6 29.1 2179.7 0.0 0.0000 4.4 10.2 0.034 

31 44 0.48 918.9 117.2 1285.3 118.5 2259.0 0.0 0.0000 83.6 28.9 0.017 

31 43 0.88 918.9 117.2 1315.4 80.6 2251.9 0.0 0.0001 76.5 58.9 0.015 

31 41 0.23 918.9 117.2 1034.8 512.5 2078.6 0.3 0.0004 -96.8 -221.6 0.001 

31 40 -0.35 918.9 117.2 1224.8 19.3 2120.7 0.0 0.0000 -54.7 -31.7 0.011 

31 39 -1.00 918.9 117.2 1299.6 29.1 2201.4 0.0 0.0000 26.0 43.2 0.023 

29 44 0.52 1017.8 92.5 1285.3 118.5 2238.7 0.0 0.0001 63.3 127.7 0.004 

29 43 0.24 1017.8 92.5 1315.4 80.6 2232.9 0.0 0.0000 57.5 157.8 0.001 

29 39 -0.53 1017.8 92.5 1299.6 29.1 2194.3 0.0 0.0000 18.9 142.0 0.004 

29 38 -0.25 1017.8 92.5 1149.5 276.3 2064.9 0.0 0.0000 -110.5 -8.2 0.030 

29 30 3.54 1017.8 92.5 1318.0 327.4 2212.7 0.1 0.0001 37.3 160.3 0.022 

28 46 -2.37 754.9 238.5 1467.3 44.5 2273.0 4.0 0.0051 97.6 46.8 0.051 

28 45 10.14 754.9 238.5 1413.2 186.9 2271.4 11.6 0.0151 96.0 -7.3 1.379 

28 44 2.32 754.9 238.5 1285.3 118.5 2159.1 0.1 0.0002 -16.3 -135.2 0.017 

28 43 0.95 754.9 238.5 1315.4 80.6 2151.3 0.0 0.0000 -24.1 -105.1 0.009 

28 39 -3.02 754.9 238.5 1299.6 29.1 2103.2 0.1 0.0002 -72.2 -120.9 0.025 

28 30 -0.53 754.9 238.5 1318.0 327.4 2130.4 0.0 0.0000 -45.0 -102.5 0.005 

27 46 12.88 834.2 362.5 1467.3 44.5 2252.4 155.6 0.2016 77.0 126.2 0.102 

27 45 -56.66 834.2 362.5 1413.2 186.9 2251.0 94.3 0.1221 75.6 72.0 0.787 

27 44 -13.13 834.2 362.5 1285.3 118.5 2134.8 3.9 0.0051 -40.6 -55.8 0.235 

27 43 -5.41 834.2 362.5 1315.4 80.6 2128.5 0.5 0.0007 -46.9 -25.8 0.210 

27 42 1.29 834.2 362.5 1314.1 7.9 2133.9 0.0 0.0001 -41.5 -27.0 0.048 

27 39 16.87 834.2 362.5 1299.6 29.1 2077.5 3.6 0.0047 -97.9 -41.5 0.406 

27 36 -0.82 834.2 362.5 1237.8 58.2 2049.6 0.0 0.0000 -125.8 -103.4 0.008 

27 30 -0.42 834.2 362.5 1318.0 327.4 2108.3 0.2 0.0002 -67.1 -23.2 0.018 

26 46 0.33 786.2 177.7 1467.3 44.5 2253.2 1.0 0.0012 77.8 78.2 0.004 

26 45 -2.88 786.2 177.7 1413.2 186.9 2251.5 0.6 0.0008 76.1 24.0 0.120 

26 44 -0.67 786.2 177.7 1285.3 118.5 2144.4 0.0 0.0000 -31.0 -103.8 0.006 

26 39 0.73 786.2 177.7 1299.6 29.1 2081.9 0.0 0.0000 -93.5 -89.5 0.008 

26 30 3.73 786.2 177.7 1318.0 327.4 2121.7 0.1 0.0001 -53.7 -71.2 0.052 

25 46 -1.91 935.9 90.7 1467.3 44.5 2307.1 0.7 0.0009 131.7 227.9 0.008 

25 45 4.07 935.9 90.7 1413.2 186.9 2317.5 0.1 0.0002 142.1 173.7 0.023 

25 44 1.05 935.9 90.7 1285.3 118.5 2222.7 0.0 0.0000 47.3 45.9 0.023 

25 43 0.54 935.9 90.7 1315.4 80.6 2208.7 0.0 0.0000 33.3 75.9 0.007 

25 40 -0.67 935.9 90.7 1224.8 19.3 2074.1 0.0 0.0000 -101.3 -14.6 0.046 

25 39 -1.06 935.9 90.7 1299.6 29.1 2144.6 0.0 0.0000 -30.8 60.2 0.018 
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i j 
Kijk 

/ cm-1 
ω(i)   / 

cm-1 
I(i) / km 

mol-1 
ω(j)   / 

cm-1 
I(j) / km 

mol-1 
ω(ij)   / 

cm-1 
I(ij) / km 

mol-1 
I(ij) / 

I(k) 
∆ω’ ∆ω TFR 

25 37 0.29 935.9 90.7 1134.7 27.7 2029.4 0.0 0.0000 -146.0 -104.8 0.003 

23 47 1.12 815.0 91.5 1422.2 160.1 2175.9 0.1 0.0001 0.5 61.8 0.018 

23 46 9.41 815.0 91.5 1467.3 44.5 2192.0 0.3 0.0003 16.6 106.9 0.088 

23 45 -40.45 815.0 91.5 1413.2 186.9 2186.5 6.3 0.0081 11.1 52.8 0.767 

23 44 -11.49 815.0 91.5 1285.3 118.5 2070.2 0.8 0.0010 -105.1 -75.1 0.153 

23 43 -5.30 815.0 91.5 1315.4 80.6 2062.7 0.1 0.0002 -112.7 -45.0 0.118 

23 42 1.16 815.0 91.5 1314.1 7.9 2068.6 0.0 0.0000 -106.7 -46.3 0.025 

22 30 0.52 340.2 87.5 1318.0 327.4 2120.7 6.9 0.0090 -54.7 -517.2 0.001 

21 48 0.59 628.5 87.6 1611.6 75.2 2261.3 0.1 0.0001 85.9 64.6 0.009 

21 47 0.35 628.5 87.6 1422.2 160.1 2071.1 0.1 0.0001 -104.3 -124.7 0.003 

21 46 0.47 628.5 87.6 1467.3 44.5 2080.6 0.5 0.0006 -94.8 -79.6 0.006 

21 45 2.40 628.5 87.6 1413.2 186.9 2077.8 0.0 0.0000 -97.6 -133.8 0.018 

20 49 1.05 652.5 29.7 1606.8 10.7 2290.2 0.1 0.0002 114.8 83.9 0.013 

20 48 -2.40 652.5 29.7 1611.6 75.2 2302.2 0.4 0.0005 126.8 88.6 0.027 

20 47 -0.90 652.5 29.7 1422.2 160.1 2105.7 0.0 0.0001 -69.7 -100.7 0.009 

20 46 -4.55 652.5 29.7 1467.3 44.5 2122.0 1.6 0.0021 -53.4 -55.6 0.082 

20 45 14.03 652.5 29.7 1413.2 186.9 2119.7 0.2 0.0003 -55.7 -109.8 0.128 

18 45 -0.84 449.2 63.3 1413.2 186.9 2044.7 0.0 0.0000 -130.7 -313.1 0.003 

17 50 0.76 555.6 0.9 1688.6 12.0 2259.6 0.7 0.0010 84.2 68.9 0.011 

17 48 -0.93 555.6 0.9 1611.6 75.2 2183.3 0.1 0.0001 7.9 -8.2 0.114 

15 52 -0.29 209.9 63.6 1712.1 604.5 2185.3 0.0 0.0000 9.9 -253.4 0.001 

14 49 -1.46 256.4 191.8 1606.8 10.7 2034.9 0.0 0.0001 -140.5 -312.1 0.005 

13 48 0.72 535.2 25.3 1611.6 75.2 2032.6 0.0 0.0000 -142.8 -28.6 0.025 

12 50 0.48 688.3 159.8 1688.6 12.0 2170.9 0.0 0.0000 -4.5 201.5 0.002 

11 52 0.32 417.3 5.2 1712.1 604.5 2134.5 0.1 0.0001 -40.8 -46.0 0.007 

11 49 -0.96 417.3 5.2 1606.8 10.7 2026.8 0.0 0.0000 -148.6 -151.3 0.006 

 

6-311G(d,p)  

 

i j 
Kijk 

/ cm-1 

ω(i)   / 

cm-1 

I(i) / km 

mol-1 

ω(j)   / 

cm-1 

I(j) / km 

mol-1 

ω(ij)   / 

cm-1 

I(ij) / km 

mol-1 

I(ij) / 

I(k) 
∆ω’ ∆ω TFR 

39 39 35.70 1133.9 32.3 1133.9 32.3 2266.6 11.8 0.0185 76.9 78.1 0.457 

38 38 2.91 1122.6 30.8 1122.6 30.8 2247.0 0.1 0.0002 57.3 55.6 0.052 

37 37 1.80 1102.6 42.6 1102.6 42.6 2204.5 0.1 0.0001 14.9 15.5 0.116 

36 36 0.34 1034.0 12.9 1034.0 12.9 2053.0 0.5 0.0007 -136.7 -121.7 0.003 

39 41 -4.33 1133.9 32.3 1204.8 4.7 2337.7 0.1 0.0002 148.0 149.0 0.029 

39 40 14.27 1133.9 32.3 1180.4 12.5 2313.2 1.8 0.0028 123.5 124.6 0.115 

38 41 -0.58 1122.6 30.8 1204.8 4.7 2327.2 0.9 0.0014 137.5 137.8 0.004 

38 40 1.99 1122.6 30.8 1180.4 12.5 2303.6 0.4 0.0006 113.9 113.4 0.018 

38 39 5.42 1122.6 30.8 1133.9 32.3 2258.2 0.8 0.0012 68.5 66.8 0.081 

37 40 0.26 1102.6 42.6 1180.4 12.5 2281.9 0.5 0.0008 92.3 93.4 0.003 

37 39 1.63 1102.6 42.6 1133.9 32.3 2237.3 0.0 0.0000 47.6 46.8 0.035 

37 38 -0.62 1102.6 42.6 1122.6 30.8 2224.6 0.5 0.0008 34.9 35.6 0.017 

36 43 0.89 1034.0 12.9 1298.1 94.2 2302.8 0.1 0.0001 113.1 142.4 0.006 

36 42 -0.83 1034.0 12.9 1265.5 4.0 2301.8 0.1 0.0001 112.1 109.8 0.008 

36 41 0.43 1034.0 12.9 1204.8 4.7 2233.0 0.1 0.0002 43.3 49.1 0.009 

36 40 -0.87 1034.0 12.9 1180.4 12.5 2208.9 0.0 0.0000 19.2 24.7 0.035 

36 39 -2.57 1034.0 12.9 1133.9 32.3 2164.3 1.2 0.0018 -25.4 -21.8 0.118 

36 38 -0.34 1034.0 12.9 1122.6 30.8 2153.9 0.2 0.0003 -35.8 -33.1 0.010 

35 42 -0.39 1017.6 2.9 1265.5 4.0 2298.7 0.4 0.0006 109.0 93.4 0.004 
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i j 
Kijk 

/ cm-1 
ω(i)   / 

cm-1 
I(i) / km 

mol-1 
ω(j)   / 

cm-1 
I(j) / km 

mol-1 
ω(ij)   / 

cm-1 
I(ij) / km 

mol-1 
I(ij) / 

I(k) 
∆ω’ ∆ω TFR 

35 39 0.70 1017.6 2.9 1133.9 32.3 2154.5 0.1 0.0002 -35.2 -38.2 0.018 

35 38 -0.52 1017.6 2.9 1122.6 30.8 2142.3 0.8 0.0012 -47.4 -49.5 0.011 

35 37 0.46 1017.6 2.9 1102.6 42.6 2120.8 0.7 0.0012 -68.9 -69.5 0.007 

34 45 9.36 1011.2 0.5 1319.9 218.5 2331.4 0.4 0.0006 141.7 141.4 0.066 

34 43 -0.36 1011.2 0.5 1298.1 94.2 2294.0 0.0 0.0000 104.4 119.7 0.003 

34 42 0.66 1011.2 0.5 1265.5 4.0 2289.7 0.0 0.0000 100.0 87.1 0.008 

34 41 0.45 1011.2 0.5 1204.8 4.7 2214.8 0.0 0.0000 25.1 26.4 0.017 

34 40 -1.32 1011.2 0.5 1180.4 12.5 2189.1 45.1 0.0705 -0.6 2.0 0.668 

34 39 -3.07 1011.2 0.5 1133.9 32.3 2145.6 0.6 0.0010 -44.1 -44.6 0.069 

34 37 0.70 1011.2 0.5 1102.6 42.6 2113.5 0.1 0.0001 -76.2 -75.8 0.009 

33 45 -0.24 943.9 0.6 1319.9 218.5 2265.9 0.0 0.0000 76.2 74.1 0.003 

32 40 -0.23 955.0 0.2 1180.4 12.5 2133.7 0.0 0.0001 -55.9 -54.2 0.004 

31 44 0.52 942.7 15.4 1311.2 16.3 2253.5 0.0 0.0000 63.9 64.3 0.008 

31 43 -0.75 942.7 15.4 1298.1 94.2 2224.1 0.3 0.0004 34.4 51.2 0.015 

31 42 0.71 942.7 15.4 1265.5 4.0 2220.7 0.2 0.0003 31.0 18.6 0.038 

31 41 -0.28 942.7 15.4 1204.8 4.7 2144.2 0.4 0.0006 -45.5 -42.1 0.007 

31 40 0.32 942.7 15.4 1180.4 12.5 2121.4 0.0 0.0001 -68.3 -66.5 0.005 

31 39 1.28 942.7 15.4 1133.9 32.3 2077.0 0.0 0.0000 -112.7 -113.1 0.011 

31 38 0.25 942.7 15.4 1122.6 30.8 2065.8 0.1 0.0001 -123.9 -124.3 0.002 

30 37 0.29 943.5 6.7 1102.6 42.6 2046.3 0.1 0.0001 -143.4 -143.6 0.002 

29 48 -0.36 830.3 71.4 1505.2 191.8 2334.6 0.0 0.0000 144.9 145.8 0.002 

29 46 -0.66 830.3 71.4 1356.5 21.4 2190.3 0.1 0.0002 0.6 -2.9 0.229 

29 45 2.14 830.3 71.4 1319.9 218.5 2150.3 1.6 0.0025 -39.4 -39.5 0.054 

29 43 0.33 830.3 71.4 1298.1 94.2 2113.1 0.1 0.0001 -76.6 -61.2 0.005 

28 48 0.32 813.3 20.4 1505.2 191.8 2317.5 0.0 0.0000 127.8 128.8 0.002 

28 46 0.58 813.3 20.4 1356.5 21.4 2173.5 0.5 0.0008 -16.2 -19.9 0.029 

28 45 -1.96 813.3 20.4 1319.9 218.5 2133.3 0.5 0.0007 -56.4 -56.5 0.035 

28 43 -0.27 813.3 20.4 1298.1 94.2 2096.1 0.0 0.0000 -93.6 -78.3 0.003 

28 42 0.22 813.3 20.4 1265.5 4.0 2092.5 0.0 0.0000 -97.2 -110.9 0.002 

27 48 -6.83 817.5 4.7 1505.2 191.8 2321.1 1.9 0.0030 131.4 133.0 0.051 

27 47 -0.30 817.5 4.7 1425.8 3.3 2242.6 0.0 0.0000 53.0 53.6 0.006 

27 46 -18.13 817.5 4.7 1356.5 21.4 2175.1 145.4 0.2275 -14.6 -15.7 1.155 

27 45 58.44 817.5 4.7 1319.9 218.5 2126.4 88.6 0.1386 -63.3 -52.3 1.117 

27 44 2.11 817.5 4.7 1311.2 16.3 2128.1 0.1 0.0001 -61.6 -61.0 0.035 

27 43 6.54 817.5 4.7 1298.1 94.2 2100.5 0.5 0.0008 -89.2 -74.1 0.088 

27 42 -6.55 817.5 4.7 1265.5 4.0 2096.4 0.5 0.0008 -93.3 -106.7 0.061 

26 48 -0.25 809.1 1.2 1505.2 191.8 2313.7 0.0 0.0000 124.0 124.6 0.002 

26 46 -0.72 809.1 1.2 1356.5 21.4 2169.7 1.9 0.0030 -20.0 -24.1 0.030 

25 48 -0.43 771.1 3.1 1505.2 191.8 2275.9 0.1 0.0001 86.2 86.6 0.005 

25 46 -2.69 771.1 3.1 1356.5 21.4 2130.9 1.0 0.0015 -58.8 -62.1 0.043 

25 45 5.02 771.1 3.1 1319.9 218.5 2091.3 0.2 0.0003 -98.4 -98.7 0.051 

25 43 0.65 771.1 3.1 1298.1 94.2 2054.7 0.0 0.0000 -135.0 -120.5 0.005 

25 42 -0.66 771.1 3.1 1265.5 4.0 2051.2 0.0 0.0000 -138.5 -153.1 0.004 

24 48 0.22 727.2 7.8 1505.2 191.8 2230.6 0.0 0.0000 40.9 42.8 0.005 

23 50 0.62 713.3 12.2 1598.0 4.0 2313.6 0.0 0.0000 123.9 121.6 0.005 

23 49 2.25 713.3 12.2 1573.9 1.5 2289.9 0.1 0.0001 100.2 97.5 0.023 

23 48 -6.64 713.3 12.2 1505.2 191.8 2215.3 7.6 0.0119 25.6 28.8 0.230 

23 47 -1.19 713.3 12.2 1425.8 3.3 2136.8 0.1 0.0002 -52.9 -50.6 0.024 

23 46 -12.50 713.3 12.2 1356.5 21.4 2071.3 0.3 0.0004 -118.4 -119.9 0.104 

21 49 0.25 645.3 4.4 1573.9 1.5 2216.6 0.0 0.0000 26.9 29.5 0.009 

21 48 0.43 645.3 4.4 1505.2 191.8 2141.3 0.0 0.0001 -48.4 -39.2 0.011 

20 50 0.22 639.8 0.6 1598.0 4.0 2245.1 0.0 0.0000 55.4 48.1 0.005 

20 49 0.79 639.8 0.6 1573.9 1.5 2221.6 0.1 0.0001 31.9 24.0 0.033 

20 48 -2.07 639.8 0.6 1505.2 191.8 2146.7 0.2 0.0004 -43.0 -44.7 0.046 

20 47 -0.91 639.8 0.6 1425.8 3.3 2067.6 0.0 0.0001 -122.1 -124.1 0.007 
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i j 
Kijk 

/ cm-1 
ω(i)   / 

cm-1 
I(i) / km 

mol-1 
ω(j)   / 

cm-1 
I(j) / km 

mol-1 
ω(ij)   / 

cm-1 
I(ij) / km 

mol-1 
I(ij) / 

I(k) 
∆ω’ ∆ω TFR 

18 52 -0.26 578.9 7.5 1727.8 1579.4 2304.3 0.0 0.0000 114.6 117.0 0.002 

17 50 -0.92 545.1 11.4 1598.0 4.0 2147.4 0.8 0.0013 -42.3 -46.6 0.020 

17 48 0.54 545.1 11.4 1505.2 191.8 2048.5 0.0 0.0000 -141.2 -139.4 0.004 

15 52 -0.25 515.3 5.2 1727.8 1579.4 2243.7 0.0 0.0001 54.0 53.4 0.005 

10 52 0.31 328.3 3.4 1727.8 1579.4 2055.9 0.1 0.0001 -133.8 -133.6 0.002 

6 54 5.93 143.6 3.4 2189.7 639.0 2321.7 0.1 0.0001 132.0 143.6 0.041 

5 54 3.55 125.2 5.8 2189.7 639.0 2294.7 0.3 0.0005 105.0 125.2 0.028 

2 54 -0.72 30.1 0.8 2189.7 639.0 2218.4 0.1 0.0002 28.7 30.1 0.024 

 

6-311+G(d,p)  

 

i j 
Kijk 

/ cm-1 

ω(i)   / 

cm-1 

I(i) / km 

mol-1 

ω(j)   / 

cm-1 

I(j) / km 

mol-1 

ω(ij)   / 

cm-1 

I(ij) / km 

mol-1 

I(ij) / 

I(k) 
∆ω’ ∆ω TFR 

39 39 -37.29 1129.1 24.3 1129.1 24.3 2314.6 13.9 0.0247 133.3 76.9 0.485 

38 38 -2.20 1120.3 91.2 1120.3 91.2 2285.6 0.4 0.0006 104.3 59.2 0.037 

37 37 -1.41 1152.2 1.2 1152.2 1.2 2314.0 0.0 0.0000 132.7 123.1 0.011 

36 36 -0.27 1083.3 16.0 1083.3 16.0 2173.8 0.4 0.0007 -7.5 -14.7 0.019 

35 35 -0.65 1035.5 4.7 1035.5 4.7 2069.9 0.1 0.0002 -111.4 -110.2 0.006 

34 34 0.48 1029.6 7.7 1029.6 7.7 2105.1 0.0 0.0001 -76.2 -122.1 0.004 

38 39 -1.83 1120.3 91.2 1129.1 24.3 2302.7 0.1 0.0002 121.4 68.1 0.027 

37 39 -0.81 1152.2 1.2 1129.1 24.3 2316.0 0.0 0.0001 134.7 100 0.008 

37 38 0.55 1152.2 1.2 1120.3 91.2 2299.8 0.3 0.0006 118.5 91.2 0.006 

36 41 -0.44 1083.3 16.0 1185.8 21.1 2316.2 0.1 0.0001 134.9 87.8 0.005 

36 39 2.84 1083.3 16.0 1129.1 24.3 2242.7 17.5 0.0311 61.4 31.1 0.091 

35 42 0.36 1035.5 4.7 1294.7 124.9 2330.2 0.2 0.0004 148.9 148.9 0.002 

35 39 -0.41 1035.5 4.7 1129.1 24.3 2193.9 0.1 0.0001 12.6 -16.6 0.025 

35 38 0.66 1035.5 4.7 1120.3 91.2 2176.8 1.3 0.0024 -4.5 -25.5 0.026 

35 37 -0.34 1035.5 4.7 1152.2 1.2 2190.7 0.5 0.0010 9.4 6.5 0.053 

34 41 -0.33 1029.6 7.7 1185.8 21.1 2285.4 0.0 0.0000 104.1 34.1 0.010 

34 40 0.92 1029.6 7.7 1379.4 7.2 2307.3 19.2 0.0341 126 227.7 0.004 

34 39 2.78 1029.6 7.7 1129.1 24.3 2211.6 0.7 0.0013 30.3 -22.6 0.123 

34 37 -0.69 1029.6 7.7 1152.2 1.2 2210.3 0.0 0.0001 29 0.5 1.307 

33 45 -0.40 954.5 0.9 1314.5 202.3 2279.1 0.0 0.0000 97.8 87.7 0.005 

33 39 0.25 954.5 0.9 1129.1 24.3 2109.1 0.0 0.0000 -72.2 -97.7 0.003 

31 44 0.48 948.5 4.1 1405.4 211.9 2329.0 0.0 0.0001 147.6 172.6 0.003 

31 43 -0.56 948.5 4.1 1311.4 10.7 2263.7 0.4 0.0006 82.4 78.5 0.007 

31 42 0.82 948.5 4.1 1294.7 124.9 2239.7 0.1 0.0002 58.4 61.8 0.013 

31 41 -0.22 948.5 4.1 1185.8 21.1 2176.8 0.3 0.0006 -4.6 -47.1 0.005 

31 40 0.41 948.5 4.1 1379.4 7.2 2198.5 0.0 0.0000 17.2 146.5 0.003 

31 39 1.22 948.5 4.1 1129.1 24.3 2104.9 0.0 0.0000 -76.5 -103.7 0.012 

30 45 0.43 930.1 7.1 1314.5 202.3 2265.0 0.0 0.0000 83.6 63.3 0.007 

30 44 0.24 930.1 7.1 1405.4 211.9 2321.5 0.0 0.0000 140.2 154.2 0.002 

30 39 0.30 930.1 7.1 1129.1 24.3 2095.6 0.0 0.0000 -85.8 -122.1 0.002 

29 46 -0.46 850.4 82.0 1354.1 37.9 2202.6 0.1 0.0002 21.3 23.2 0.020 

29 45 2.14 850.4 82.0 1314.5 202.3 2166.9 2.8 0.0050 -14.5 -16.4 0.131 

29 43 0.32 850.4 82.0 1311.4 10.7 2159.2 0.1 0.0001 -22.1 -19.5 0.016 

29 42 -0.30 850.4 82.0 1294.7 124.9 2133.6 0.0 0.0000 -47.8 -36.2 0.008 

28 46 -0.52 826.8 11.5 1354.1 37.9 2194.2 0.2 0.0003 12.8 -0.4 1.287 

28 45 1.78 826.8 11.5 1314.5 202.3 2158.4 0.8 0.0014 -22.9 -39.9 0.045 

27 46 14.66 824.4 6.9 1354.1 37.9 2190.9 282.6 0.5027 9.5 -2.9 5.115 

27 45 -59.05 824.4 6.9 1314.5 202.3 2135.7 177.2 0.3153 -42.4 -45.6 1.392 

27 44 -0.75 824.4 6.9 1405.4 211.9 2207.1 0.0 0.0000 48.5 25.8 0.015 

27 43 -5.24 824.4 6.9 1311.4 10.7 2143.1 0.5 0.0009 -45.6 -38.2 0.115 



 

193 

 

 

i j 
Kijk 

/ cm-1 
ω(i)   / 

cm-1 
I(i) / km 

mol-1 
ω(j)   / 

cm-1 
I(j) / km 

mol-1 
ω(ij)   / 

cm-1 
I(ij) / km 

mol-1 
I(ij) / 

I(k) 
∆ω’ ∆ω TFR 

27 42 8.80 824.4 6.9 1294.7 124.9 2116.9 1.2 0.0021 -64.4 -62.3 0.141 

27 41 -1.28 824.4 6.9 1185.8 21.1 2056.2 0.0 0.0000 -125.1 -171.2 0.007 

27 40 5.58 824.4 6.9 1379.4 7.2 2077.4 0.0 0.0001 -103.9 22.4 0.249 

26 47 0.22 801.7 3.2 1441.7 73.1 2259.3 0.1 0.0001 77.9 62.0 0.004 

26 46 0.72 801.7 3.2 1354.1 37.9 2172.2 4.5 0.0080 -9.1 -25.6 0.028 

26 45 -4.18 801.7 3.2 1314.5 202.3 2136.6 1.5 0.0026 -44.7 -65.1 0.064 

26 43 -0.29 801.7 3.2 1311.4 10.7 2128.0 0.0 0.0000 -53.4 -68.3 0.004 

26 42 0.59 801.7 3.2 1294.7 124.9 2101.3 0.0 0.0000 -80.0 -85.0 0.007 

26 40 0.45 801.7 3.2 1379.4 7.2 2064.3 0.0 0.0000 -117.1 -0.3 1.591 

25 48 -0.28 770.9 2.6 1543.4 79.6 2308.2 0.0 0.0001 126.8 133.0 0.002 

25 46 -1.95 770.9 2.6 1354.1 37.9 2133.8 0.8 0.0014 -47.5 -56.3 0.035 

25 45 3.98 770.9 2.6 1314.5 202.3 2098.8 0.2 0.0003 -82.6 -95.9 0.042 

25 43 0.41 770.9 2.6 1311.4 10.7 2089.7 0.0 0.0000 -91.7 -99.0 0.004 

25 42 -0.68 770.9 2.6 1294.7 124.9 2065.4 0.0 0.0000 -116.0 -115.8 0.006 

24 48 0.25 726.7 9.4 1543.4 79.6 2262.8 0.0 0.0000 81.5 88.8 0.003 

24 45 -0.60 726.7 9.4 1314.5 202.3 2054.1 0.1 0.0001 -127.2 -140.1 0.004 

24 43 -0.24 726.7 9.4 1311.4 10.7 2045.8 0.0 0.0000 -135.5 -143.2 0.002 

23 49 -2.43 732.7 7.9 1585.4 6.5 2318.8 0.1 0.0002 137.5 136.8 0.018 

23 48 6.53 732.7 7.9 1543.4 79.6 2272.1 5.4 0.0096 90.8 94.8 0.069 

23 47 1.17 732.7 7.9 1441.7 73.1 2184.5 0.1 0.0002 3.1 -6.9 0.171 

23 46 10.49 732.7 7.9 1354.1 37.9 2098.0 0.3 0.0006 -83.4 -94.5 0.111 

23 45 -41.20 732.7 7.9 1314.5 202.3 2057.7 7.2 0.0128 -123.6 -134.1 0.307 

23 44 -0.36 732.7 7.9 1405.4 211.9 2118.2 0.0 0.0000 -63.2 -43.2 0.008 

23 43 -4.90 732.7 7.9 1311.4 10.7 2054.2 0.2 0.0003 -127.1 -137.2 0.036 

21 49 0.24 652.3 3.6 1585.4 6.5 2237.0 0.0 0.0000 55.6 56.4 0.004 

21 48 0.46 652.3 3.6 1543.4 79.6 2188.7 0.0 0.0001 7.4 14.4 0.032 

21 47 0.25 652.3 3.6 1441.7 73.1 2100.7 0.1 0.0001 -80.6 -87.3 0.003 

20 49 0.92 648.3 1.9 1585.4 6.5 2233.4 0.1 0.0001 52.0 52.4 0.018 

20 48 -2.23 648.3 1.9 1543.4 79.6 2185.6 0.5 0.0008 4.2 10.4 0.214 

20 47 -0.88 648.3 1.9 1441.7 73.1 2097.1 0.0 0.0001 -84.2 -91.3 0.010 

19 49 -0.23 626.9 0.4 1585.4 6.5 2212.3 0.0 0.0000 31.0 31.0 0.008 

17 50 0.81 551.6 13.0 1608.1 8.1 2156.3 0.8 0.0014 -25.0 -21.7 0.037 

17 48 -0.84 551.6 13.0 1543.4 79.6 2088.6 0.1 0.0001 -92.7 -86.3 0.010 

15 52 -0.29 516.4 11.4 1707.9 705.9 2231.2 0.0 0.0001 49.8 43.0 0.007 

14 53 -0.26 467.8 0.3 1776.4 0.4 2248.5 0.0 0.0000 67.2 62.9 0.004 

14 50 0.31 467.8 0.3 1608.1 8.1 2071.4 0.0 0.0000 -109.9 -105.5 0.003 

14 49 1.51 467.8 0.3 1585.4 6.5 2050.9 0.0 0.0001 -130.4 -128.2 0.012 

11 52 0.33 373.3 1.1 1707.9 705.9 2081.5 0.1 0.0002 -99.8 -100.1 0.003 

1 54 1.31 34.9 0.5 2181.3 562.0 2208.7 1.8 0.0032 27.3 34.9 0.038 

 

 

6-311++G(d,p)  

 

i j 
Kijk 

/ cm-1 

ω(i)   / 

cm-1 

I(i) / km 

mol-1 

ω(j)   / 

cm-1 

I(j) / km 

mol-1 

ω(ij)   / 

cm-1 

I(ij) / km 

mol-1 

I(ij) / 

I(k) 
∆ω’ ∆ω TFR 

39 39 37.24 1130.9 25.8 1130.9 25.8 2289.6 13.7 0.0223 114.0 86.2 0.432 

38 38 2.20 1154.0 6.6 1154.0 6.6 2272.2 0.4 0.0006 96.6 132.3 0.017 

37 37 1.41 1116.5 72.1 1116.5 72.1 2285.4 0.0 0.0000 109.8 57.5 0.024 

36 36 0.27 1081.1 17.1 1081.1 17.1 2166.1 0.4 0.0006 -9.5 -13.3 0.020 

35 35 0.65 1032.3 3.4 1032.3 3.4 2066.5 0.1 0.0002 -109.1 -111.1 0.006 

34 34 -0.48 1034.2 6.6 1034.2 6.6 2078.8 0.0 0.0000 -96.8 -107.2 0.004 

38 39 1.84 1154.0 6.6 1130.9 25.8 2283.3 0.1 0.0002 107.7 109.3 0.017 



 

194 

 

 

i j 
Kijk 

/ cm-1 
ω(i)   / 

cm-1 
I(i) / km 

mol-1 
ω(j)   / 

cm-1 
I(j) / km 

mol-1 
ω(ij)   / 

cm-1 
I(ij) / km 

mol-1 
I(ij) / 

I(k) 
∆ω’ ∆ω TFR 

37 39 0.84 1116.5 72.1 1130.9 25.8 2289.0 0.0 0.0000 113.4 71.8 0.012 

37 38 -0.54 1116.5 72.1 1154.0 6.6 2278.6 0.3 0.0005 103.0 94.9 0.006 

36 41 0.44 1081.1 17.1 1193.9 17.7 2300.6 0.1 0.0001 125.0 99.5 0.004 

36 40 -0.86 1081.1 17.1 1283.2 6.1 2309.7 0.0 0.0000 134.1 188.8 0.005 

36 39 -2.84 1081.1 17.1 1130.9 25.8 2226.4 17.4 0.0284 50.8 36.5 0.078 

35 39 0.41 1032.3 3.4 1130.9 25.8 2179.6 0.1 0.0001 4.0 -12.4 0.033 

35 38 -0.66 1032.3 3.4 1154.0 6.6 2168.4 1.3 0.0022 -7.2 10.6 0.062 

35 37 0.34 1032.3 3.4 1116.5 72.1 2174.6 0.5 0.0009 -1.0 -26.8 0.013 

34 41 0.32 1034.2 6.6 1193.9 17.7 2260.3 0.0 0.0000 84.7 52.6 0.006 

34 40 -0.92 1034.2 6.6 1283.2 6.1 2271.1 16.2 0.0265 95.5 141.8 0.006 

34 39 -2.76 1034.2 6.6 1130.9 25.8 2185.8 0.7 0.0012 10.2 -10.5 0.264 

34 37 0.69 1034.2 6.6 1116.5 72.1 2182.6 0.0 0.0001 7.0 -24.9 0.028 

33 45 -0.42 954.1 3.6 1320.4 192.5 2268.2 0.0 0.0000 92.6 99.0 0.004 

33 39 0.26 954.1 3.6 1130.9 25.8 2090.1 0.0 0.0000 -85.4 -90.6 0.003 

31 44 -0.50 945.3 2.5 1377.0 59.7 2303.9 0.0 0.0001 128.3 146.7 0.003 

31 43 0.57 945.3 2.5 1310.6 2.4 2258.0 0.4 0.0006 82.5 80.2 0.007 

31 42 -0.84 945.3 2.5 1292.4 188.8 2237.5 0.1 0.0002 61.9 62.1 0.013 

31 41 0.21 945.3 2.5 1193.9 17.7 2163.4 0.3 0.0005 -12.2 -36.4 0.006 

31 40 -0.42 945.3 2.5 1283.2 6.1 2174.2 0.0 0.0000 -1.3 52.9 0.008 

31 39 -1.24 945.3 2.5 1130.9 25.8 2090.8 0.0 0.0000 -84.7 -99.4 0.012 

30 45 0.42 908.5 1.8 1320.4 192.5 2241.2 0.0 0.0000 65.6 53.3 0.008 

30 37 -0.23 908.5 1.8 1116.5 72.1 2059.4 0.1 0.0001 -116.2 -150.6 0.001 

29 46 -0.46 845.6 75.5 1351.8 0.9 2191.7 0.1 0.0002 16.1 21.8 0.021 

29 45 2.13 845.6 75.5 1320.4 192.5 2153.4 2.8 0.0046 -22.2 -9.5 0.223 

29 43 0.32 845.6 75.5 1310.6 2.4 2146.2 0.1 0.0001 -29.3 -19.4 0.016 

29 42 -0.30 845.6 75.5 1292.4 188.8 2124.0 0.0 0.0000 -51.6 -37.5 0.008 

28 46 -0.54 823.1 10.7 1351.8 0.9 2193.3 0.2 0.0003 17.8 -0.7 0.762 

28 45 1.90 823.1 10.7 1320.4 192.5 2155.2 0.9 0.0014 -20.4 -32.1 0.059 

28 42 -0.23 823.1 10.7 1292.4 188.8 2126.3 0.0 0.0000 -49.3 -60.1 0.004 

28 40 -0.24 823.1 10.7 1283.2 6.1 2061.7 0.0 0.0000 -113.9 -69.3 0.003 

27 47 -0.21 816.5 5.3 1437.8 13.4 2255.9 0.0 0.0001 80.3 78.7 0.003 

27 46 -14.61 816.5 5.3 1351.8 0.9 2180.8 280.2 0.4566 5.2 -7.3 2.010 

27 45 58.96 816.5 5.3 1320.4 192.5 2125.6 127.1 0.2071 -50.0 -38.6 1.526 

27 44 0.64 816.5 5.3 1377.0 59.7 2175.3 0.0 0.0000 -0.2 17.9 0.036 

27 43 5.20 816.5 5.3 1310.6 2.4 2131.1 0.5 0.0008 -44.5 -48.5 0.107 

27 42 -8.79 816.5 5.3 1292.4 188.8 2108.3 1.2 0.0019 -67.2 -66.6 0.132 

27 41 1.26 816.5 5.3 1193.9 17.7 2036.4 0.0 0.0000 -139.2 -165.1 0.008 

27 40 -5.58 816.5 5.3 1283.2 6.1 2046.3 0.0 0.0001 -129.2 -75.9 0.074 

26 48 0.43 768.9 9.1 1526.2 135.5 2298.2 0.0 0.0000 122.6 119.5 0.004 

26 47 0.23 768.9 9.1 1437.8 13.4 2215.3 0.1 0.0001 39.7 31.1 0.007 

26 46 0.85 768.9 9.1 1351.8 0.9 2136.1 5.2 0.0085 -39.4 -54.9 0.015 

26 45 -4.70 768.9 9.1 1320.4 192.5 2097.9 1.8 0.0030 -77.7 -86.3 0.054 

26 43 -0.34 768.9 9.1 1310.6 2.4 2089.9 0.0 0.0000 -85.7 -96.2 0.004 

26 42 0.67 768.9 9.1 1292.4 188.8 2066.7 0.0 0.0000 -108.9 -114.3 0.006 

25 48 -0.28 770.3 2.7 1526.2 135.5 2294.3 0.0 0.0001 118.8 120.9 0.002 

25 46 -1.94 770.3 2.7 1351.8 0.9 2131.1 0.8 0.0013 -44.5 -53.5 0.036 

25 45 3.96 770.3 2.7 1320.4 192.5 2093.6 0.2 0.0003 -82.0 -84.9 0.047 

25 43 0.40 770.3 2.7 1310.6 2.4 2084.9 0.0 0.0000 -90.6 -94.7 0.004 

25 42 -0.68 770.3 2.7 1292.4 188.8 2064.1 0.0 0.0000 -111.5 -112.9 0.006 

24 48 0.23 720.1 4.2 1526.2 135.5 2242.9 0.0 0.0000 67.4 70.8 0.003 

24 45 -0.50 720.1 4.2 1320.4 192.5 2042.9 0.1 0.0001 -132.7 -135.0 0.004 

24 43 -0.23 720.1 4.2 1310.6 2.4 2035.1 0.0 0.0000 -140.4 -144.9 0.002 

23 50 0.39 722.1 16.5 1601.8 4.8 2322.4 0.0 0.0000 146.8 148.3 0.003 

23 49 2.42 722.1 16.5 1579.9 5.6 2302.4 0.1 0.0001 126.8 126.4 0.019 

23 48 -6.53 722.1 16.5 1526.2 135.5 2245.7 5.4 0.0087 70.2 72.8 0.090 

23 47 -1.19 722.1 16.5 1437.8 13.4 2162.2 0.1 0.0002 -13.4 -15.6 0.076 



 

195 

 

 

i j 
Kijk 

/ cm-1 
ω(i)   / 

cm-1 
I(i) / km 

mol-1 
ω(j)   / 

cm-1 
I(j) / km 

mol-1 
ω(ij)   / 

cm-1 
I(ij) / km 

mol-1 
I(ij) / 

I(k) 
∆ω’ ∆ω TFR 

23 46 -10.47 722.1 16.5 1351.8 0.9 2082.9 0.3 0.0005 -92.6 -101.7 0.103 

23 45 41.23 722.1 16.5 1320.4 192.5 2040.2 7.1 0.0116 -135.4 -133.0 0.310 

23 44 0.28 722.1 16.5 1377.0 59.7 2081.3 0.0 0.0000 -94.3 -76.5 0.004 

23 43 4.86 722.1 16.5 1310.6 2.4 2037.2 0.2 0.0002 -138.4 -142.9 0.034 

21 49 0.23 651.1 3.4 1579.9 5.6 2232.2 0.0 0.0000 56.6 55.4 0.004 

21 48 0.48 651.1 3.4 1526.2 135.5 2174.3 0.1 0.0001 -1.3 1.7 0.280 

21 47 0.25 651.1 3.4 1437.8 13.4 2090.3 0.1 0.0001 -85.3 -86.7 0.003 

20 49 0.92 645.2 1.4 1579.9 5.6 2226.6 0.1 0.0001 51.0 49.5 0.019 

20 48 -2.23 645.2 1.4 1526.2 135.5 2169.1 0.5 0.0008 -6.5 -4.2 0.534 

20 47 -0.88 645.2 1.4 1437.8 13.4 2084.7 0.0 0.0001 -90.9 -92.6 0.010 

19 49 -0.23 625.0 0.5 1579.9 5.6 2206.9 0.0 0.0000 31.3 29.3 0.008 

17 50 -0.81 549.3 12.2 1601.8 4.8 2150.7 0.8 0.0013 -24.9 -24.5 0.033 

17 48 0.84 549.3 12.2 1526.2 135.5 2073.0 0.1 0.0001 -102.5 -100.0 0.008 

15 52 -0.29 501.7 5.0 1707.7 667.1 2209.3 0.0 0.0001 33.8 33.9 0.009 

14 53 0.25 456.9 0.1 1775.2 0.5 2239.2 0.0 0.0000 63.6 56.5 0.005 

14 50 -0.30 456.9 0.1 1601.8 4.8 2058.6 0.0 0.0000 -117.0 -116.9 0.003 

14 49 -1.51 456.9 0.1 1579.9 5.6 2037.9 0.0 0.0001 -137.7 -138.8 0.011 

11 52 0.33 367.7 1.4 1707.7 667.1 2075.6 0.1 0.0002 -100.0 -100.2 0.003 

1 54 1.31 -84.3 10.7 2175.6 613.7 2078.7 1.7 0.0028 -96.9 -84.3 0.016 

 

 

6-311++G(df,pd)  

 

i j 
Kijk 

/ cm-1 

ω(i)   / 

cm-1 

I(i) / km 

mol-1 

ω(j)   / 

cm-1 

I(j) / km 

mol-1 

ω(ij)   / 

cm-1 

I(ij) / 

km mol-1 

I(ij) / 

I(k) 
∆ω’ ∆ω TFR 

39 39 37.89 1135.0 20.8 1135.0 20.8 2267.7 12.7 0.0197 89.4 91.6 0.414 

38 38 1.99 1144.6 27.5 1144.6 27.5 2276.6 0.2 0.0003 98.2 110.9 0.018 

37 37 1.63 1107.5 75.1 1107.5 75.1 2231.8 0.1 0.0001 53.4 36.6 0.045 

36 36 0.32 1086.5 16.8 1086.5 16.8 2178.2 0.4 0.0006 -0.2 -5.3 0.061 

35 35 0.68 1033.7 11.7 1033.7 11.7 2065.8 0.1 0.0002 -112.6 -111.1 0.006 

34 34 -0.50 1027.1 0.8 1027.1 0.8 2054.5 0.0 0.0000 -123.9 -124.1 0.004 

38 39 2.18 1144.6 27.5 1135.0 20.8 2273.3 0.1 0.0002 94.9 101.2 0.022 

37 39 0.87 1107.5 75.1 1135.0 20.8 2251.4 0.0 0.0001 73.0 64.1 0.014 

37 38 -0.63 1107.5 75.1 1144.6 27.5 2253.2 0.3 0.0005 74.8 73.7 0.009 

36 41 0.42 1086.5 16.8 1198.6 15.0 2294.4 0.1 0.0001 116.0 106.8 0.004 

36 40 -0.91 1086.5 16.8 1217.8 2.9 2294.7 0.0 0.0000 116.3 126.0 0.007 

36 39 -3.08 1086.5 16.8 1135.0 20.8 2221.6 5.5 0.0085 43.2 43.1 0.071 

35 42 0.41 1033.7 11.7 1291.8 69.4 2325.3 0.1 0.0002 146.9 147.0 0.003 

35 39 0.45 1033.7 11.7 1135.0 20.8 2168.6 0.1 0.0002 -9.8 -9.7 0.046 

35 38 -0.60 1033.7 11.7 1144.6 27.5 2169.9 1.1 0.0017 -8.4 -0.1 6.645 

35 37 0.47 1033.7 11.7 1107.5 75.1 2147.9 0.9 0.0014 -30.5 -37.3 0.013 

34 42 -1.24 1027.1 0.8 1291.8 69.4 2316.0 0.0 0.0000 137.6 140.5 0.009 

34 41 0.25 1027.1 0.8 1198.6 15.0 2235.1 0.0 0.0000 56.8 47.4 0.005 

34 40 -0.82 1027.1 0.8 1217.8 2.9 2236.2 1.0 0.0015 57.8 66.6 0.012 

34 39 -2.52 1027.1 0.8 1135.0 20.8 2162.1 0.8 0.0012 -16.3 -16.2 0.155 

34 38 0.31 1027.1 0.8 1144.6 27.5 2165.8 0.0 0.0000 -12.5 -6.6 0.047 

34 37 0.63 1027.1 0.8 1107.5 75.1 2143.7 0.1 0.0001 -34.7 -43.8 0.015 

34 35 0.23 1027.1 0.8 1033.7 11.7 2060.7 0.0 0.0000 -117.7 -117.6 0.002 

33 45 -0.41 972.7 0.1 1319.8 186.1 2293.4 0.0 0.0000 115.1 114.2 0.004 

33 39 0.24 972.7 0.1 1135.0 20.8 2107.5 0.0 0.0000 -70.8 -70.7 0.003 

31 45 0.42 963.7 26.0 1319.8 186.1 2284.6 0.0 0.0000 106.2 105.1 0.004 

31 37 -0.25 963.7 26.0 1107.5 75.1 2079.9 0.1 0.0001 -98.5 -107.2 0.002 

30 44 -0.62 947.3 19.2 1341.6 50.5 2288.7 0.0 0.0000 110.4 110.5 0.006 



 

196 

 

 

i j 
Kijk 

/ cm-1 
ω(i)   / 

cm-1 
I(i) / km 

mol-1 
ω(j)   / 

cm-1 
I(j) / km 

mol-1 
ω(ij)   / 

cm-1 
I(ij) / 

km mol-1 
I(ij) / 

I(k) 
∆ω’ ∆ω TFR 

30 43 -0.37 947.3 19.2 1320.2 3.2 2264.8 0.4 0.0007 86.5 89.2 0.004 

30 42 -0.96 947.3 19.2 1291.8 69.4 2237.5 0.0 0.0001 59.2 60.7 0.016 

30 40 0.41 947.3 19.2 1217.8 2.9 2155.3 0.0 0.0000 -23.0 -13.2 0.031 

30 39 1.33 947.3 19.2 1135.0 20.8 2082.2 0.0 0.0000 -96.2 -96.1 0.014 

29 46 -0.34 855.2 56.6 1359.0 88.5 2209.3 0.1 0.0001 30.9 35.8 0.009 

29 45 1.66 855.2 56.6 1319.8 186.1 2167.2 12.4 0.0192 -11.2 -3.4 0.486 

29 43 0.21 855.2 56.6 1320.2 3.2 2167.4 0.1 0.0001 -10.9 -3.0 0.072 

29 42 0.26 855.2 56.6 1291.8 69.4 2137.7 0.0 0.0000 -40.7 -31.4 0.008 

28 46 -0.54 831.1 34.9 1359.0 88.5 2193.6 0.1 0.0002 15.2 11.7 0.046 

28 45 1.85 831.1 34.9 1319.8 186.1 2151.9 1.8 0.0028 -26.4 -27.5 0.067 

27 46 -14.09 819.3 7.7 1359.0 88.5 2187.7 180.1 0.2789 9.3 -0.1 105.926 

27 45 55.34 819.3 7.7 1319.8 186.1 2130.6 127.4 0.1973 -47.7 -39.3 1.408 

27 43 2.86 819.3 7.7 1320.2 3.2 2142.4 0.2 0.0003 -35.9 -38.9 0.074 

27 42 8.26 819.3 7.7 1291.8 69.4 2112.0 1.1 0.0017 -66.4 -67.3 0.123 

27 41 0.87 819.3 7.7 1198.6 15.0 2030.1 0.0 0.0000 -148.2 -160.5 0.005 

27 40 -5.33 819.3 7.7 1217.8 2.9 2031.3 0.0 0.0001 -147.0 -141.3 0.038 

26 46 4.99 831.8 3.2 1359.0 88.5 2199.5 29.9 0.0462 21.1 12.4 0.402 

26 45 -20.91 831.8 3.2 1319.8 186.1 2154.6 63.0 0.0975 -23.8 -26.8 0.781 

26 43 -1.02 831.8 3.2 1320.2 3.2 2156.8 0.0 0.0000 -21.6 -26.3 0.039 

26 42 -3.08 831.8 3.2 1291.8 69.4 2126.3 0.2 0.0003 -52.1 -54.8 0.056 

26 41 -0.41 831.8 3.2 1198.6 15.0 2044.5 0.0 0.0000 -133.9 -148.0 0.003 

26 40 2.03 831.8 3.2 1217.8 2.9 2047.8 0.0 0.0000 -130.6 -128.8 0.016 

25 48 -0.28 773.6 3.2 1514.4 144.9 2287.7 0.0 0.0001 109.3 109.6 0.003 

25 46 -1.99 773.6 3.2 1359.0 88.5 2135.8 0.8 0.0013 -42.6 -45.8 0.043 

25 45 4.03 773.6 3.2 1319.8 186.1 2094.5 0.2 0.0003 -83.8 -85.0 0.047 

25 43 0.24 773.6 3.2 1320.2 3.2 2093.1 0.0 0.0000 -85.2 -84.5 0.003 

25 42 0.70 773.6 3.2 1291.8 69.4 2065.3 0.0 0.0000 -113.1 -113.0 0.006 

24 45 -0.38 731.3 0.7 1319.8 186.1 2052.4 0.1 0.0001 -126.0 -127.3 0.003 

23 50 0.36 712.5 13.2 1602.0 7.3 2317.9 0.0 0.0000 139.5 136.1 0.003 

23 49 2.30 712.5 13.2 1578.3 3.8 2293.1 0.1 0.0001 114.7 112.4 0.020 

23 48 -6.42 712.5 13.2 1514.4 144.9 2226.8 3.3 0.0052 48.4 48.5 0.132 

23 47 -1.00 712.5 13.2 1433.2 0.1 2146.7 0.1 0.0002 -31.7 -32.6 0.031 

23 46 -10.75 712.5 13.2 1359.0 88.5 2076.1 0.4 0.0005 -102.3 -106.9 0.101 

23 45 41.55 712.5 13.2 1319.8 186.1 2029.5 7.7 0.0120 -148.8 -146.1 0.284 

23 44 0.28 712.5 13.2 1341.6 50.5 2054.6 0.0 0.0000 -123.8 -124.3 0.002 

23 43 2.85 712.5 13.2 1320.2 3.2 2034.0 0.1 0.0001 -144.4 -145.6 0.020 

21 49 0.35 649.8 2.1 1578.3 3.8 2226.1 0.0 0.0000 47.7 49.7 0.007 

20 49 -0.81 646.1 3.2 1578.3 3.8 2226.6 0.1 0.0001 48.2 46.0 0.018 

20 48 2.20 646.1 3.2 1514.4 144.9 2160.2 0.7 0.0011 -18.2 -17.9 0.123 

20 47 0.84 646.1 3.2 1433.2 0.1 2079.1 0.0 0.0000 -99.2 -99.0 0.008 

19 49 -0.24 613.8 1.9 1578.3 3.8 2198.6 0.0 0.0000 20.2 13.7 0.018 

17 50 -0.81 549.3 11.1 1602.0 7.3 2155.3 0.9 0.0014 -23.0 -27.0 0.030 

17 48 0.78 549.3 11.1 1514.4 144.9 2063.7 0.1 0.0001 -114.7 -114.7 0.007 

15 52 -0.25 525.0 6.8 1711.3 742.9 2251.6 0.0 0.0000 73.2 57.9 0.004 

14 53 0.25 450.9 0.2 1774.6 0.5 2236.0 0.0 0.0000 57.6 47.2 0.005 

14 50 -0.31 450.9 0.2 1602.0 7.3 2055.4 0.0 0.0000 -122.9 -125.4 0.002 

14 49 -1.52 450.9 0.2 1578.3 3.8 2031.4 0.0 0.0001 -147.0 -149.2 0.010 

11 52 0.32 371.2 1.6 1711.3 742.9 2082.2 0.1 0.0002 -96.2 -96.0 0.003 

10 53 -0.29 339.3 3.5 1774.6 0.5 2124.6 0.0 0.0000 -53.7 -64.4 0.005 

5 54 4.25 132.4 7.4 2178.4 645.8 2297.2 0.3 0.0005 118.8 132.4 0.032 

1 54 1.25 19.4 0.5 2178.4 645.8 2189.2 1.8 0.0028 10.9 19.4 0.065 
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APPENDIX G 

VIBRATIONAL MODES OF 4-AZIDO-N-PHENYLMALEIMIDE (ISOMER 2) THAT 

OCCUR WITHIN ±130 CM-1 FROM THE FUNDAMENTAL VIBRATION FOR SEVEN 

BASIS SETS IN NNDMA 

i, j, k : vibrational modes ; where k = 54 (azide asymmetric stretch)  

i = j → overtone & i ≠ j → combination band 

Kijk : cubic force constant 

TFR : third-order Fermi resonance  

ω(i), ω(j), ω(k) : anharmonic frequencies of i, j & k th mode  

ω(ij) : anharmonic frequency of ij th mode 

I(i), I(j), I(k) : anharmonic intensities of i, j & k th mode  

I(ij) : anharmonic intensity of ij th mode 

∆ω’ : ω(ij) - ω(k)   

∆ω : ω(i) + ω(j) - ω(k)   

 

6-31G(d,p)  

i j 
Kijk 

/ cm-1 

ω(i)   / 

cm-1 

I(i) / km 

mol-1 

ω(j)   / 

cm-1 

I(j) / km 

mol-1 

ω(ij)   / 

cm-1 

I(ij) / km 

mol-1 

I(ij) / 

I(k) 
∆ω’ ∆ω TFR 

39 39 -36.23 1139.0 66.0 1139.0 66.0 2276.4 12.2 0.0278 73.7 75.2 0.482 

38 38 -3.89 1141.4 13.9 1141.4 13.9 2267.7 0.3 0.0007 64.9 80.0 0.049 

37 37 -1.26 1119.1 28.1 1119.1 28.1 2251.0 0.0 0.0000 48.2 35.4 0.036 

36 36 -0.26 1057.2 9.7 1057.2 9.7 2102.3 0.3 0.0008 -100.5 -88.4 0.003 

39 40 -13.95 1139.0 66.0 1195.8 10.7 2334.9 1.8 0.0042 132.1 132.0 0.106 

38 40 -2.62 1141.4 13.9 1195.8 10.7 2332.2 0.3 0.0006 129.4 134.4 0.020 

38 39 -7.19 1141.4 13.9 1139.0 66.0 2273.9 1.6 0.0036 71.1 77.6 0.093 

37 39 -1.94 1119.1 28.1 1139.0 66.0 2264.2 0.0 0.0000 61.4 55.3 0.035 

37 38 0.46 1119.1 28.1 1141.4 13.9 2259.0 0.4 0.0009 56.2 57.7 0.008 

36 42 0.24 1057.2 9.7 1290.3 3.7 2331.7 0.1 0.0002 129.0 144.7 0.002 

36 41 0.46 1057.2 9.7 1212.0 9.7 2264.8 0.1 0.0002 62.0 66.4 0.007 

36 40 -0.75 1057.2 9.7 1195.8 10.7 2249.0 0.0 0.0000 46.2 50.2 0.015 

36 39 -2.46 1057.2 9.7 1139.0 66.0 2192.9 218.3 0.4955 -9.9 -6.6 0.371 

36 38 -0.47 1057.2 9.7 1141.4 13.9 2188.1 2.4 0.0054 -14.6 -4.2 0.110 

35 42 -0.25 1024.6 4.6 1290.3 3.7 2318.5 0.7 0.0016 115.8 112.1 0.002 

35 39 -0.73 1024.6 4.6 1139.0 66.0 2167.5 0.2 0.0004 -35.3 -39.2 0.019 

35 38 0.69 1024.6 4.6 1141.4 13.9 2160.4 1.4 0.0031 -42.3 -36.8 0.019 
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i j 
Kijk 

/ cm-1 
ω(i)   / 

cm-1 
I(i) / km 

mol-1 
ω(j)   / 

cm-1 
I(j) / km 

mol-1 
ω(ij)   / 

cm-1 
I(ij) / km 

mol-1 
I(ij) / 

I(k) 
∆ω’ ∆ω TFR 

35 37 -0.33 1024.6 4.6 1119.1 28.1 2152.1 0.5 0.0011 -50.6 -59.1 0.006 

34 44 -0.60 1018.5 0.6 1313.2 40.8 2332.5 0.1 0.0003 129.7 128.9 0.005 

34 43 -0.24 1018.5 0.6 1318.1 210.0 2335.7 0.1 0.0002 132.9 133.8 0.002 

34 41 -0.55 1018.5 0.6 1212.0 9.7 2230.3 0.0 0.0000 27.5 27.7 0.020 

34 40 1.29 1018.5 0.6 1195.8 10.7 2214.1 2.7 0.0061 11.3 11.5 0.112 

34 39 3.63 1018.5 0.6 1139.0 66.0 2157.4 0.8 0.0017 -45.3 -45.3 0.080 

34 38 0.36 1018.5 0.6 1141.4 13.9 2153.3 0.0 0.0001 -49.5 -42.9 0.008 

34 37 -0.83 1018.5 0.6 1119.1 28.1 2142.9 0.1 0.0001 -59.9 -65.2 0.013 

33 45 -0.20 956.9 1.2 1331.4 40.4 2285.4 0.0 0.0000 82.6 85.6 0.002 

32 46 -0.21 961.9 15.5 1373.1 33.9 2331.4 0.0 0.0000 128.6 132.2 0.002 

32 45 0.77 961.9 15.5 1331.4 40.4 2284.8 0.0 0.0000 82.0 90.5 0.008 

32 44 -0.22 961.9 15.5 1313.2 40.8 2272.5 0.0 0.0001 69.8 72.3 0.003 

32 43 -0.66 961.9 15.5 1318.1 210.0 2275.3 0.0 0.0001 72.6 77.2 0.008 

32 41 -0.23 961.9 15.5 1212.0 9.7 2168.1 0.2 0.0005 -34.6 -28.9 0.008 

32 40 0.25 961.9 15.5 1195.8 10.7 2153.0 0.0 0.0000 -49.8 -45.1 0.006 

32 39 0.80 961.9 15.5 1139.0 66.0 2096.3 0.0 0.0000 -106.5 -101.9 0.008 

32 38 0.29 961.9 15.5 1141.4 13.9 2091.6 0.1 0.0001 -111.2 -99.5 0.003 

31 46 -0.29 951.9 2.8 1373.1 33.9 2328.8 0.0 0.0000 126.0 122.2 0.002 

31 45 1.25 951.9 2.8 1331.4 40.4 2282.1 0.0 0.0000 79.4 80.5 0.016 

31 43 -0.77 951.9 2.8 1318.1 210.0 2272.3 0.0 0.0000 69.5 67.2 0.011 

31 39 0.58 951.9 2.8 1139.0 66.0 2093.6 0.0 0.0000 -109.2 -111.9 0.005 

30 40 -0.23 942.9 0.8 1195.8 10.7 2140.9 0.0 0.0001 -61.9 -64.1 0.004 

30 37 -0.32 942.9 0.8 1119.1 28.1 2070.0 0.1 0.0001 -132.8 -140.8 0.002 

29 46 -0.76 840.1 52.2 1373.1 33.9 2213.8 0.4 0.0008 11.0 10.5 0.072 

29 45 3.05 840.1 52.2 1331.4 40.4 2167.4 1.1 0.0025 -35.3 -31.2 0.098 

29 44 0.64 840.1 52.2 1313.2 40.8 2156.0 0.0 0.0000 -46.7 -49.4 0.013 

29 43 0.46 840.1 52.2 1318.1 210.0 2159.3 0.1 0.0002 -43.5 -44.6 0.010 

28 46 0.61 825.5 43.7 1373.1 33.9 2198.9 8.3 0.0189 -3.9 -4.2 0.147 

28 45 -2.68 825.5 43.7 1331.4 40.4 2153.1 0.4 0.0010 -49.7 -45.8 0.058 

28 44 -0.60 825.5 43.7 1313.2 40.8 2141.1 0.0 0.0000 -61.7 -64.0 0.009 

28 43 -0.32 825.5 43.7 1318.1 210.0 2143.6 0.0 0.0000 -59.2 -59.2 0.005 

27 48 6.80 819.6 1.7 1515.5 108.1 2335.8 1.9 0.0043 133.0 132.3 0.051 

27 47 0.48 819.6 1.7 1437.9 1.3 2260.5 0.0 0.0001 57.7 54.7 0.009 

27 46 15.10 819.6 1.7 1373.1 33.9 2192.4 224.7 0.5099 -10.4 -10.1 1.494 

27 45 -57.35 819.6 1.7 1331.4 40.4 2138.4 67.3 0.1528 -64.3 -51.8 1.107 

27 44 -12.65 819.6 1.7 1313.2 40.8 2136.1 2.9 0.0065 -66.6 -70.0 0.181 

27 43 -6.93 819.6 1.7 1318.1 210.0 2138.9 0.7 0.0016 -63.9 -65.1 0.107 

27 42 -2.76 819.6 1.7 1290.3 3.7 2114.2 0.1 0.0003 -88.6 -92.9 0.030 

26 48 -0.30 820.0 3.0 1515.5 108.1 2334.2 0.0 0.0000 131.4 132.7 0.002 

26 46 -0.83 820.0 3.0 1373.1 33.9 2194.0 6.6 0.0150 -8.8 -9.7 0.085 

26 45 1.43 820.0 3.0 1331.4 40.4 2147.3 0.1 0.0001 -55.4 -51.4 0.028 

26 44 0.24 820.0 3.0 1313.2 40.8 2136.5 0.0 0.0001 -66.3 -69.5 0.004 

26 43 0.40 820.0 3.0 1318.1 210.0 2138.6 0.0 0.0000 -64.2 -64.7 0.006 

25 48 -0.46 756.2 4.2 1515.5 108.1 2271.7 0.1 0.0001 68.9 69.0 0.007 

25 46 -2.47 756.2 4.2 1373.1 33.9 2129.6 0.8 0.0017 -73.2 -73.4 0.034 

25 45 5.14 756.2 4.2 1331.4 40.4 2084.0 0.1 0.0003 -118.8 -115.1 0.045 

25 44 1.25 756.2 4.2 1313.2 40.8 2072.2 0.0 0.0001 -130.5 -133.3 0.009 

25 43 0.76 756.2 4.2 1318.1 210.0 2074.3 0.0 0.0000 -128.5 -128.4 0.006 

24 48 0.29 718.8 12.1 1515.5 108.1 2231.0 0.0 0.0001 28.2 31.5 0.009 

23 50 -0.61 708.2 15.2 1612.3 1.7 2322.7 0.0 0.0001 119.9 117.7 0.005 

23 49 -2.36 708.2 15.2 1596.2 2.2 2306.1 0.1 0.0002 103.4 101.6 0.023 

23 48 6.71 708.2 15.2 1515.5 108.1 2225.7 9.9 0.0225 22.9 20.9 0.321 

23 47 1.31 708.2 15.2 1437.9 1.3 2150.0 0.1 0.0002 -52.8 -56.7 0.023 

23 46 10.50 708.2 15.2 1373.1 33.9 2084.0 0.2 0.0005 -118.8 -121.5 0.086 

21 50 -0.27 645.3 4.5 1612.3 1.7 2255.4 0.0 0.0000 52.6 54.8 0.005 

21 48 1.09 645.3 4.5 1515.5 108.1 2158.5 0.1 0.0002 -44.3 -42.0 0.026 
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i j 
Kijk 

/ cm-1 
ω(i)   / 

cm-1 
I(i) / km 

mol-1 
ω(j)   / 

cm-1 
I(j) / km 

mol-1 
ω(ij)   / 

cm-1 
I(ij) / km 

mol-1 
I(ij) / 

I(k) 
∆ω’ ∆ω TFR 

21 47 0.40 645.3 4.5 1437.9 1.3 2082.6 0.1 0.0002 -120.1 -119.7 0.003 

20 49 0.93 642.8 1.0 1596.2 2.2 2240.1 0.1 0.0003 37.3 36.3 0.026 

20 48 -1.99 642.8 1.0 1515.5 108.1 2158.1 0.2 0.0004 -44.7 -44.4 0.045 

20 47 -0.96 642.8 1.0 1437.9 1.3 2082.0 0.1 0.0002 -120.8 -122.1 0.008 

18 52 0.26 584.4 6.2 1740.5 75.4 2323.1 0.0 0.0001 120.4 122.2 0.002 

17 50 0.90 546.7 10.9 1612.3 1.7 2158.2 0.9 0.0019 -44.6 -43.8 0.021 

15 52 0.24 519.7 3.2 1740.5 75.4 2260.0 0.0 0.0001 57.3 57.5 0.004 

5 54 -3.58 124.2 5.6 2202.8 440.6 2307.8 0.3 0.0007 105.0 124.2 0.029 

2 54 -0.76 60.9 1.2 2202.8 440.6 2254.0 0.1 0.0003 51.2 60.9 0.012 

1 54 0.82 14.9 0.3 2202.8 440.6 2209.6 1.4 0.0033 6.8 14.9 0.055 

 

6-31+G(d,p)  

i j 
Kijk 

/ cm-1 
ω(i)   / 

cm-1 
I(i) / km 

mol-1 
ω(j)   / 

cm-1 
I(j) / km 

mol-1 
ω(ij)   / 

cm-1 
I(ij) / km 

mol-1 
I(ij) / 

I(k) 
∆ω’ ∆ω TFR 

39 39 -39.19 1131.9 9.9 1131.9 9.9 2254.7 15.7 0.0197 72.4 81.5 0.481 

38 38 -2.55 1124.4 21.3 1124.4 21.3 2240.1 0.6 0.0007 57.7 66.4 0.038 

37 37 -1.37 1116.7 9.4 1116.7 9.4 2256.4 0.0 0.0000 74.1 51.0 0.027 

36 36 -0.26 1077.3 12.3 1077.3 12.3 2158.3 0.3 0.0004 -24.1 -27.7 0.009 

35 35 -0.72 1033.2 13.5 1033.2 13.5 2064.9 0.1 0.0002 -117.5 -115.9 0.006 

39 40 -12.78 1131.9 9.9 1187.7 4.7 2311.2 1.8 0.0023 128.8 137.3 0.093 

38 40 -1.14 1124.4 21.3 1187.7 4.7 2306.6 0.1 0.0002 124.2 129.8 0.009 

38 39 -3.19 1124.4 21.3 1131.9 9.9 2251.0 0.4 0.0005 68.6 74.0 0.043 

37 39 -0.41 1116.7 9.4 1131.9 9.9 2254.2 0.0 0.0000 71.8 66.3 0.006 

36 41 0.51 1077.3 12.3 1205.3 14.1 2282.4 0.1 0.0001 100.0 100.2 0.005 

36 40 -0.88 1077.3 12.3 1187.7 4.7 2260.6 0.0 0.0000 78.2 82.7 0.011 

36 39 -2.86 1077.3 12.3 1131.9 9.9 2206.0 13.0 0.0162 23.6 26.9 0.106 

36 38 -0.25 1077.3 12.3 1124.4 21.3 2200.2 0.4 0.0005 17.8 19.3 0.013 

35 39 -0.35 1033.2 13.5 1131.9 9.9 2161.7 0.1 0.0001 -20.7 -17.2 0.020 

35 38 0.76 1033.2 13.5 1124.4 21.3 2151.7 2.2 0.0027 -30.7 -24.7 0.031 

34 41 -0.39 1014.4 1.4 1205.3 14.1 2219.1 0.0 0.0000 36.7 37.2 0.010 

34 40 1.02 1014.4 1.4 1187.7 4.7 2197.5 27.1 0.0339 15.1 19.7 0.052 

34 39 3.32 1014.4 1.4 1131.9 9.9 2142.4 0.9 0.0012 -40.0 -36.1 0.092 

34 37 -0.83 1014.4 1.4 1116.7 9.4 2140.7 0.0 0.0001 -41.7 -51.3 0.016 

33 45 -0.53 959.4 1.4 1325.3 105.4 2278.3 0.0 0.0000 95.9 102.4 0.005 

33 44 0.26 959.4 1.4 1305.9 149.2 2261.5 0.0 0.0000 79.2 82.9 0.003 

33 39 0.42 959.4 1.4 1131.9 9.9 2083.6 0.0 0.0000 -98.8 -91.0 0.005 

31 45 -0.96 950 7.9 1325.3 105.4 2272.3 0.0 0.0000 89.9 93.0 0.010 

31 44 -0.59 950 7.9 1305.9 149.2 2255.4 0.0 0.0001 73.0 73.5 0.008 

31 43 0.77 950 7.9 1313.3 59.1 2258.2 0.1 0.0001 75.8 80.9 0.009 

31 41 0.31 950 7.9 1205.3 14.1 2152.6 0.4 0.0005 -29.8 -27.1 0.011 

31 40 -0.48 950 7.9 1187.7 4.7 2132.5 0.0 0.0000 -49.9 -44.6 0.011 

31 39 -0.97 950 7.9 1131.9 9.9 2077.8 0.0 0.0000 -104.6 -100.4 0.010 

31 37 -0.27 950 7.9 1116.7 9.4 2075.3 0.1 0.0001 -107.0 -115.7 0.002 

30 45 0.37 919.1 4.7 1325.3 105.4 2246.0 0.0 0.0000 63.6 62.1 0.006 

29 46 -0.39 833.9 127.0 1385.4 89.5 2204.4 0.1 0.0002 22.0 36.9 0.011 

29 45 2.26 833.9 127.0 1325.3 105.4 2149.9 2.0 0.0024 -32.5 -23.2 0.098 

29 44 -0.58 833.9 127.0 1305.9 149.2 2134.5 0.1 0.0001 -47.9 -42.6 0.014 

28 46 -4.00 826.5 301.8 1385.4 89.5 2203.1 7.6 0.0095 20.7 29.6 0.135 

28 45 18.72 826.5 301.8 1325.3 105.4 2147.8 45.2 0.0566 -34.6 -30.5 0.614 

28 44 -4.33 826.5 301.8 1305.9 149.2 2133.8 0.5 0.0006 -48.6 -50.0 0.087 

28 43 1.90 826.5 301.8 1313.3 59.1 2136.0 0.1 0.0001 -46.3 -42.6 0.045 

28 42 0.39 826.5 301.8 1305.4 0.6 2136.0 0.0 0.0000 -46.4 -50.5 0.008 

27 46 11.39 817.9 174.9 1385.4 89.5 2196.1 75.4 0.0944 13.7 21.0 0.543 



 

200 

 

 

i j 
Kijk 

/ cm-1 
ω(i)   / 

cm-1 
I(i) / km 

mol-1 
ω(j)   / 

cm-1 
I(j) / km 

mol-1 
ω(ij)   / 

cm-1 
I(ij) / km 

mol-1 
I(ij) / 

I(k) 
∆ω’ ∆ω TFR 

27 45 -54.27 817.9 174.9 1325.3 105.4 2129.7 108.0 0.1353 -52.7 -39.1 1.388 

27 44 12.63 817.9 174.9 1305.9 149.2 2123.4 4.0 0.0050 -59.0 -58.6 0.216 

27 43 -5.55 817.9 174.9 1313.3 59.1 2126.8 0.7 0.0008 -55.6 -51.2 0.108 

27 42 -1.17 817.9 174.9 1305.4 0.6 2126.9 0.0 0.0001 -55.5 -59.1 0.020 

26 48 0.63 776.4 12.6 1501.8 158.9 2283.3 0.0 0.0000 100.9 95.7 0.007 

26 46 0.76 776.4 12.6 1385.4 89.5 2159.7 0.8 0.0010 -22.7 -20.6 0.037 

26 45 -4.98 776.4 12.6 1325.3 105.4 2104.9 2.2 0.0028 -77.4 -80.7 0.062 

26 44 1.12 776.4 12.6 1305.9 149.2 2089.6 0.1 0.0001 -92.8 -100.1 0.011 

26 43 -0.53 776.4 12.6 1313.3 59.1 2091.8 0.0 0.0000 -90.6 -92.8 0.006 

25 48 0.28 764.1 2.2 1501.8 158.9 2267.0 0.0 0.0000 84.6 83.4 0.003 

25 46 1.66 764.1 2.2 1385.4 89.5 2140.4 0.6 0.0007 -41.9 -32.9 0.051 

25 45 -3.75 764.1 2.2 1325.3 105.4 2087.2 0.1 0.0001 -95.2 -93.0 0.040 

25 44 0.97 764.1 2.2 1305.9 149.2 2071.6 0.0 0.0000 -110.8 -112.5 0.009 

25 43 -0.44 764.1 2.2 1313.3 59.1 2073.4 0.0 0.0000 -109.0 -105.1 0.004 

23 50 -0.36 707.8 15.1 1604.6 25.2 2310.0 0.0 0.0000 127.6 130.0 0.003 

23 49 -2.51 707.8 15.1 1584.2 1.2 2292.3 0.1 0.0001 109.9 109.6 0.023 

23 48 6.45 707.8 15.1 1501.8 158.9 2208.5 6.7 0.0084 26.1 27.2 0.237 

23 47 1.24 707.8 15.1 1425.2 2.8 2131.5 0.1 0.0002 -50.9 -49.4 0.025 

23 46 8.75 707.8 15.1 1385.4 89.5 2083.2 0.3 0.0003 -99.2 -89.2 0.098 

21 49 0.28 647.8 2.0 1584.2 1.2 2234.2 0.0 0.0000 51.8 49.7 0.006 

21 48 0.50 647.8 2.0 1501.8 158.9 2149.6 0.1 0.0001 -32.8 -32.8 0.015 

21 47 0.34 647.8 2.0 1425.2 2.8 2072.4 0.1 0.0001 -110.0 -109.4 0.003 

20 49 1.15 643 2.1 1584.2 1.2 2229.6 0.1 0.0002 47.2 44.8 0.026 

20 48 -2.51 643 2.1 1501.8 158.9 2144.5 0.5 0.0006 -37.9 -37.6 0.067 

20 47 -0.96 643 2.1 1425.2 2.8 2067.0 0.1 0.0001 -115.4 -114.2 0.008 

19 49 -0.27 615.9 0.5 1584.2 1.2 2203.9 0.0 0.0000 21.5 17.7 0.015 

17 50 0.77 539.3 10.3 1604.6 25.2 2143.2 0.7 0.0009 -39.2 -38.4 0.020 

15 52 0.34 502.1 5.7 1706.6 944.2 2208.8 0.0 0.0000 26.4 26.4 0.013 

11 52 -0.38 364.6 0.6 1706.6 944.2 2071.1 0.1 0.0001 -111.3 -111.2 0.003 

6 54 -6.18 137.6 6.9 2182.4 798.5 2311.9 0.1 0.0002 129.6 137.6 0.045 

5 54 -4.73 99.7 6.3 2182.4 798.5 2271.5 0.4 0.0005 89.1 99.7 0.047 

1 54 1.19 -27.8 2.0 2182.4 798.5 2145.0 1.9 0.0024 -37.4 -27.8 0.043 

 

6-31++G(d,p)  

i j 
Kijk 

/ cm-1 

ω(i)   / 

cm-1 

I(i) / km 

mol-1 

ω(j)   / 

cm-1 

I(j) / km 

mol-1 

ω(ij)   / 

cm-1 

I(ij) / km 

mol-1 

I(ij) / 

I(k) 
∆ω’ ∆ω TFR 

39 39 39.14 1126.9 107.7 1126.9 107.7 2251.6 15.6 0.0196 69.0 71.2 0.550 

38 38 2.51 1123.1 17.9 1123.1 17.9 2244.4 0.6 0.0007 61.8 63.5 0.040 

37 37 1.37 1114.4 12.0 1114.4 12.0 2247.2 0.0 0.0000 64.6 46.1 0.030 

36 36 0.26 1076.4 12.2 1076.4 12.2 2154.8 0.3 0.0004 -27.8 -29.8 0.009 

35 35 0.71 1032.3 13.1 1032.3 13.1 2064.4 0.1 0.0002 -118.2 -117.9 0.006 

39 40 12.95 1126.9 107.7 1188.5 5.4 2306.9 1.9 0.0024 124.3 132.8 0.098 

38 40 1.06 1123.1 17.9 1188.5 5.4 2306.6 0.1 0.0002 124.0 128.9 0.008 

38 39 2.93 1123.1 17.9 1126.9 107.7 2251.6 0.3 0.0004 69.0 67.3 0.044 

37 39 0.40 1114.4 12.0 1126.9 107.7 2248.0 0.0 0.0000 65.4 58.6 0.007 

36 41 -0.50 1076.4 12.2 1204.9 18.1 2279.8 0.1 0.0001 97.2 98.7 0.005 

36 40 0.90 1076.4 12.2 1188.5 5.4 2256.5 0.0 0.0000 73.9 82.3 0.011 

36 39 2.88 1076.4 12.2 1126.9 107.7 2202.8 12.5 0.0157 20.2 20.7 0.139 

36 38 0.24 1076.4 12.2 1123.1 17.9 2200.7 0.4 0.0005 18.1 16.8 0.014 

35 39 0.35 1032.3 13.1 1126.9 107.7 2160.0 0.1 0.0001 -22.6 -23.4 0.015 



 

201 

 

 

i j 
Kijk 

/ cm-1 
ω(i)   / 

cm-1 
I(i) / km 

mol-1 
ω(j)   / 

cm-1 
I(j) / km 

mol-1 
ω(ij)   / 

cm-1 
I(ij) / km 

mol-1 
I(ij) / 

I(k) 
∆ω’ ∆ω TFR 

35 38 -0.76 1032.3 13.1 1123.1 17.9 2153.6 2.1 0.0027 -29.0 -27.2 0.028 

34 44 -0.33 1013.0 1.0 1301.3 102.7 2314.8 0.1 0.0001 132.2 131.7 0.002 

34 41 0.38 1013.0 1.0 1204.9 18.1 2216.9 0.0 0.0000 34.3 35.3 0.011 

34 40 -1.03 1013.0 1.0 1188.5 5.4 2193.6 31.3 0.0394 11.0 18.9 0.055 

34 39 -3.28 1013.0 1.0 1126.9 107.7 2139.5 0.9 0.0011 -43.1 -42.7 0.077 

34 37 0.82 1013.0 1.0 1114.4 12.0 2134.8 0.0 0.0001 -47.8 -55.2 0.015 

33 45 -0.51 958.0 1.9 1325.7 161.3 2274.3 0.0 0.0000 91.7 101.2 0.005 

33 44 0.26 958.0 1.9 1301.3 102.7 2254.3 0.0 0.0000 71.7 76.7 0.003 

33 39 0.42 958.0 1.9 1126.9 107.7 2077.8 0.0 0.0000 -104.8 -97.7 0.004 

31 45 0.94 950.1 6.1 1325.7 161.3 2272.5 0.0 0.0000 89.9 93.2 0.010 

31 44 0.60 950.1 6.1 1301.3 102.7 2252.4 0.0 0.0001 69.8 68.8 0.009 

31 43 -0.77 950.1 6.1 1301.4 1.9 2253.6 0.1 0.0001 71.0 68.9 0.011 

31 41 -0.30 950.1 6.1 1204.9 18.1 2151.8 0.4 0.0005 -30.8 -27.6 0.011 

31 40 0.49 950.1 6.1 1188.5 5.4 2130.3 0.0 0.0000 -52.3 -44.0 0.011 

31 39 0.99 950.1 6.1 1126.9 107.7 2076.4 0.0 0.0000 -106.2 -105.6 0.009 

31 37 0.26 950.1 6.1 1114.4 12.0 2071.2 0.1 0.0001 -111.4 -118.1 0.002 

30 45 0.35 914.4 2.3 1325.7 161.3 2243.9 0.0 0.0000 61.3 57.6 0.006 

29 46 -0.37 831.4 76.8 1373.8 169.0 2199.2 0.1 0.0002 16.6 22.6 0.016 

29 45 2.15 831.4 76.8 1325.7 161.3 2145.6 1.8 0.0023 -37.0 -25.5 0.084 

29 44 -0.56 831.4 76.8 1301.3 102.7 2126.9 0.1 0.0001 -55.7 -49.9 0.011 

28 46 -4.13 823.9 12.8 1373.8 169.0 2199.2 7.8 0.0098 16.6 15.1 0.273 

28 45 19.46 823.9 12.8 1325.7 161.3 2144.6 48.8 0.0613 -38.0 -33.0 0.590 

28 44 -4.56 823.9 12.8 1301.3 102.7 2127.5 0.6 0.0007 -55.1 -57.4 0.079 

28 43 1.98 823.9 12.8 1301.4 1.9 2128.2 0.1 0.0001 -54.4 -57.3 0.035 

28 42 0.36 823.9 12.8 1310.7 48.4 2130.8 0.0 0.0000 -51.8 -48.0 0.007 

27 48 6.08 817.8 25.4 1497.7 169.0 2315.4 1.7 0.0021 132.9 133.0 0.046 

27 46 11.21 817.8 25.4 1373.8 169.0 2195.7 70.5 0.0886 13.1 9.1 1.235 

27 45 -53.78 817.8 25.4 1325.7 161.3 2130.3 107.4 0.1350 -52.3 -39.0 1.378 

27 44 12.66 817.8 25.4 1301.3 102.7 2120.7 4.0 0.0050 -61.9 -63.4 0.200 

27 43 -5.53 817.8 25.4 1301.4 1.9 2122.5 0.6 0.0008 -60.1 -63.4 0.087 

27 42 -1.04 817.8 25.4 1310.7 48.4 2125.6 0.0 0.0000 -57.0 -54.0 0.019 

26 48 0.73 765.9 15.5 1497.7 169.0 2269.7 0.0 0.0000 87.1 81.0 0.009 

26 46 0.96 765.9 15.5 1373.8 169.0 2150.4 1.0 0.0013 -32.2 -42.9 0.022 

26 45 -5.95 765.9 15.5 1325.7 161.3 2096.4 3.3 0.0041 -86.2 -91.0 0.065 

26 44 1.36 765.9 15.5 1301.3 102.7 2074.6 0.1 0.0001 -108.0 -115.4 0.012 

26 43 -0.63 765.9 15.5 1301.4 1.9 2077.9 0.0 0.0000 -104.7 -115.3 0.005 

25 48 0.26 763.1 2.2 1497.7 169.0 2261.6 0.0 0.0000 79.0 78.2 0.003 

25 46 1.64 763.1 2.2 1373.8 169.0 2138.6 0.6 0.0007 -44.0 -45.7 0.036 

25 45 -3.64 763.1 2.2 1325.7 161.3 2086.2 0.1 0.0001 -96.3 -93.8 0.039 

25 44 0.95 763.1 2.2 1301.3 102.7 2067.4 0.0 0.0000 -115.2 -118.2 0.008 

25 43 -0.43 763.1 2.2 1301.4 1.9 2067.6 0.0 0.0000 -115.0 -118.1 0.004 

23 50 0.35 709.4 14.8 1605.0 23.2 2312.3 0.0 0.0000 129.7 131.8 0.003 

23 49 2.51 709.4 14.8 1583.7 1.0 2293.8 0.1 0.0001 111.2 110.5 0.023 

23 48 -6.45 709.4 14.8 1497.7 169.0 2205.7 6.8 0.0086 23.1 24.5 0.263 

23 47 -1.24 709.4 14.8 1422.9 4.9 2131.4 0.1 0.0002 -51.2 -50.3 0.025 

23 46 -8.69 709.4 14.8 1373.8 169.0 2084.2 0.3 0.0003 -98.4 -99.4 0.087 

21 49 0.27 647.7 0.8 1583.7 1.0 2232.2 0.0 0.0000 49.6 48.8 0.006 



 

202 

 

 

i j 
Kijk 

/ cm-1 
ω(i)   / 

cm-1 
I(i) / km 

mol-1 
ω(j)   / 

cm-1 
I(j) / km 

mol-1 
ω(ij)   / 

cm-1 
I(ij) / km 

mol-1 
I(ij) / 

I(k) 
∆ω’ ∆ω TFR 

21 48 0.52 647.7 0.8 1497.7 169.0 2143.4 0.1 0.0001 -39.2 -37.2 0.014 

21 47 0.34 647.7 0.8 1422.9 4.9 2068.8 0.1 0.0001 -113.8 -112.0 0.003 

20 49 1.15 645.3 3.4 1583.7 1.0 2232.2 0.1 0.0002 49.6 46.3 0.025 

20 48 -2.52 645.3 3.4 1497.7 169.0 2142.9 0.5 0.0006 -39.7 -39.6 0.064 

20 47 -0.96 645.3 3.4 1422.9 4.9 2067.9 0.1 0.0001 -114.7 -114.5 0.008 

19 49 -0.27 610.5 0.7 1583.7 1.0 2199.1 0.0 0.0000 16.5 11.6 0.023 

17 50 -0.77 543.2 9.3 1605.0 23.2 2147.4 0.7 0.0009 -35.2 -34.3 0.022 

15 52 0.34 497.9 7.2 1706.4 950.0 2204.6 0.0 0.0000 22.0 21.7 0.016 

11 52 -0.38 364.6 0.9 1706.4 950.0 2070.8 0.1 0.0001 -111.8 -111.6 0.003 

6 54 6.18 139.7 6.6 2182.6 795.8 2313.6 0.1 0.0002 131.0 139.7 0.044 

5 54 4.73 107.2 6.9 2182.6 795.8 2280.3 0.4 0.0005 97.7 107.2 0.044 

1 54 1.29 -37.6 3.9 2182.6 795.8 2135.6 2.1 0.0026 -47.0 -37.6 0.034 

             

 

6-311G(d,p) 

i j 
Kijk 

/ cm-1 

ω(i)   / 

cm-1 

I(i) / km 

mol-1 

ω(j)   / 

cm-1 

I(j) / km 

mol-1 

ω(ij)   / 

cm-1 

I(ij) / km 

mol-1 

I(ij) / 

I(k) 
∆ω’ ∆ω TFR 

39 39 -36.24 1129.8 28.8 1129.8 28.8 2257.3 12.6 0.0240 69.8 72.1 0.502 

38 38 -2.54 1137.5 31.4 1137.5 31.4 2269.5 0.2 0.0005 82.0 87.5 0.029 

37 37 -1.54 1107.0 16.2 1107.0 16.2 2220.6 0.1 0.0001 33.1 26.5 0.058 

36 36 -0.29 1064.1 14.5 1064.1 14.5 2128.8 0.5 0.0009 -58.7 -59.2 0.005 

35 35 -0.58 1030.8 6.4 1030.8 6.4 2057.1 0.1 0.0002 -130.5 -125.9 0.005 

39 40 -13.90 1129.8 28.8 1186.3 13.7 2314.7 1.8 0.0035 127.1 128.6 0.108 

38 39 -4.09 1137.5 31.4 1129.8 28.8 2264.6 0.5 0.0009 77.1 79.8 0.051 

37 41 -0.25 1107.0 16.2 1202.0 12.5 2311.1 0.8 0.0015 123.5 121.5 0.002 

37 39 -1.56 1107.0 16.2 1129.8 28.8 2240.2 0.0 0.0001 52.6 49.3 0.032 

37 38 0.76 1107.0 16.2 1137.5 31.4 2243.9 0.5 0.0009 56.4 57.0 0.013 

36 41 0.40 1064.1 14.5 1202.0 12.5 2265.8 0.1 0.0002 78.2 78.6 0.005 

36 40 -0.80 1064.1 14.5 1186.3 13.7 2249.4 0.0 0.0000 61.8 62.9 0.013 

36 39 -2.65 1064.1 14.5 1129.8 28.8 2194.2 248.8 0.4744 6.7 6.5 0.410 

36 38 -0.22 1064.1 14.5 1137.5 31.4 2199.2 0.1 0.0003 11.7 14.1 0.016 

35 42 -0.40 1030.8 6.4 1291.0 80.9 2320.4 0.4 0.0007 132.9 134.3 0.003 

35 39 -0.65 1030.8 6.4 1129.8 28.8 2159.0 0.1 0.0002 -28.5 -26.9 0.024 

35 38 0.59 1030.8 6.4 1137.5 31.4 2162.3 1.0 0.0019 -25.2 -19.2 0.031 

35 37 -0.38 1030.8 6.4 1107.0 16.2 2138.0 0.7 0.0013 -49.5 -49.7 0.008 

34 43 -0.21 1025.4 1.0 1299.8 7.0 2322.4 0.0 0.0000 134.8 137.6 0.002 

34 42 0.66 1025.4 1.0 1291.0 80.9 2313.0 0.0 0.0000 125.5 128.9 0.005 

34 41 -0.30 1025.4 1.0 1202.0 12.5 2225.3 0.0 0.0000 37.8 39.8 0.008 

34 40 1.07 1025.4 1.0 1186.3 13.7 2209.2 31.5 0.0602 21.7 24.1 0.044 

34 39 3.14 1025.4 1.0 1129.8 28.8 2153.0 0.8 0.0014 -34.6 -32.3 0.097 

34 37 -0.85 1025.4 1.0 1107.0 16.2 2133.9 0.1 0.0001 -53.6 -55.1 0.015 

34 35 -0.31 1025.4 1.0 1030.8 6.4 2052.7 0.0 0.0000 -134.8 -131.3 0.002 

33 45 -0.25 962.5 0.6 1317.8 207.9 2282.4 0.0 0.0000 94.9 92.8 0.003 

32 45 0.23 986.0 3.0 1317.8 207.9 2278.7 0.0 0.0000 91.2 116.2 0.002 

32 39 -0.31 986.0 3.0 1129.8 28.8 2088.7 0.0 0.0000 -98.8 -71.7 0.004 

31 44 -0.56 945.6 14.5 1320.8 4.4 2266.0 0.0 0.0000 78.5 78.8 0.007 



 

203 

 

 

i j 
Kijk 

/ cm-1 
ω(i)   / 

cm-1 
I(i) / km 

mol-1 
ω(j)   / 

cm-1 
I(j) / km 

mol-1 
ω(ij)   / 

cm-1 
I(ij) / km 

mol-1 
I(ij) / 

I(k) 
∆ω’ ∆ω TFR 

31 43 -0.71 945.6 14.5 1299.8 7.0 2242.8 0.3 0.0006 55.2 57.8 0.012 

31 42 0.77 945.6 14.5 1291.0 80.9 2235.0 0.2 0.0003 47.4 49.1 0.016 

31 41 0.21 945.6 14.5 1202.0 12.5 2145.5 0.4 0.0007 -42.0 -39.9 0.005 

31 40 -0.28 945.6 14.5 1186.3 13.7 2130.8 0.0 0.0001 -56.8 -55.6 0.005 

31 39 -1.29 945.6 14.5 1129.8 28.8 2075.3 0.0 0.0000 -112.3 -112.1 0.012 

29 46 -0.66 835.5 83.5 1370.8 114.8 2194.4 0.1 0.0002 6.8 18.8 0.035 

29 45 2.41 835.5 83.5 1317.8 207.9 2153.5 2.5 0.0048 -34.0 -34.2 0.071 

29 43 -0.36 835.5 83.5 1299.8 7.0 2134.1 0.1 0.0001 -53.4 -52.2 0.007 

29 42 0.27 835.5 83.5 1291.0 80.9 2125.7 0.0 0.0000 -61.8 -61.0 0.004 

28 46 0.32 860.6 14.7 1370.8 114.8 2196.7 0.1 0.0003 9.1 43.8 0.007 

28 45 -1.29 860.6 14.7 1317.8 207.9 2155.7 0.2 0.0005 -31.9 -9.2 0.141 

27 48 6.55 817.2 9.0 1505.0 201.6 2321.2 1.9 0.0036 133.6 134.6 0.049 

27 47 0.43 817.2 9.0 1430.8 0.4 2247.4 0.0 0.0001 59.8 60.4 0.007 

27 46 17.12 817.2 9.0 1370.8 114.8 2174.5 149.6 0.2853 -13.0 0.4 38.914 

27 45 -58.45 817.2 9.0 1317.8 207.9 2125.0 75.5 0.1440 -62.6 -52.5 1.113 

27 44 -1.14 817.2 9.0 1320.8 4.4 2137.3 0.0 0.0000 -50.2 -49.6 0.023 

27 43 6.52 817.2 9.0 1299.8 7.0 2115.9 0.6 0.0011 -71.6 -70.6 0.092 

27 42 -7.44 817.2 9.0 1291.0 80.9 2107.0 0.7 0.0013 -80.5 -79.3 0.094 

26 45 -0.65 783.4 6.8 1317.8 207.9 2123.9 0.0 0.0001 -63.6 -86.4 0.008 

25 48 -0.39 770.0 3.4 1505.0 201.6 2277.6 0.1 0.0001 90.1 87.4 0.004 

25 46 -2.61 770.0 3.4 1370.8 114.8 2131.8 1.1 0.0020 -55.7 -46.8 0.056 

25 45 4.97 770.0 3.4 1317.8 207.9 2091.5 0.2 0.0004 -96.1 -99.8 0.050 

25 43 -0.65 770.0 3.4 1299.8 7.0 2071.4 0.0 0.0000 -116.1 -117.8 0.006 

25 42 0.74 770.0 3.4 1291.0 80.9 2063.4 0.0 0.0000 -124.1 -126.5 0.006 

23 50 -0.54 711.9 18.3 1601.6 1.0 2315.4 0.0 0.0000 127.9 125.9 0.004 

23 49 -2.34 711.9 18.3 1575.9 6.2 2288.9 0.1 0.0002 101.4 100.2 0.023 

23 48 6.58 711.9 18.3 1505.0 201.6 2216.0 6.9 0.0131 28.5 29.3 0.224 

23 47 1.27 711.9 18.3 1430.8 0.4 2142.3 0.1 0.0002 -45.3 -44.9 0.028 

23 46 11.84 711.9 18.3 1370.8 114.8 2071.5 0.3 0.0005 -116.0 -104.9 0.113 

21 49 0.22 647.3 4.4 1575.9 6.2 2220.3 0.0 0.0000 32.8 35.7 0.006 

21 48 0.58 647.3 4.4 1505.0 201.6 2146.7 0.1 0.0001 -40.8 -35.2 0.016 

20 49 0.83 640.0 1.8 1575.9 6.2 2220.1 0.1 0.0002 32.6 28.4 0.029 

20 48 -2.02 640.0 1.8 1505.0 201.6 2146.9 0.3 0.0005 -40.6 -42.5 0.048 

20 47 -0.98 640.0 1.8 1430.8 0.4 2072.4 0.1 0.0001 -115.1 -116.7 0.008 

19 49 -0.26 618.5 1.1 1575.9 6.2 2200.9 0.0 0.0000 13.4 6.8 0.038 

18 52 0.25 582.5 10.9 1722.9 346.7 2303.2 0.0 0.0001 115.6 117.9 0.002 

18 48 -0.25 582.5 10.9 1505.0 201.6 2086.9 0.0 0.0000 -100.6 -100.1 0.003 

17 50 0.92 545.3 13.9 1601.6 1.0 2149.4 0.9 0.0017 -38.1 -40.7 0.023 

17 49 -0.25 545.3 13.9 1575.9 6.2 2123.0 0.0 0.0001 -64.6 -66.4 0.004 

15 52 0.29 516.4 11.0 1722.9 346.7 2239.8 0.0 0.0001 52.2 51.8 0.006 

14 53 -0.26 447.9 0.1 1776.9 2.4 2238.4 0.0 0.0000 50.9 37.2 0.007 

6 54 -6.02 148.6 1.5 2187.5 524.4 2305.6 0.1 0.0002 118.0 148.6 0.040 

5 54 -3.69 119.3 4.5 2187.5 524.4 2283.4 0.3 0.0006 95.9 119.3 0.031 

1 54 1.00 13.0 1.5 2187.5 524.4 2219.7 1.6 0.0031 32.2 13.0 0.077 
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6-311+G(d,p) 

i j 
Kijk 

/ cm-1 
ω(i)   / 

cm-1 
I(i) / km 

mol-1 
ω(j)   / 

cm-1 
I(j) / km 

mol-1 
ω(ij)   / 

cm-1 
I(ij) / km 

mol-1 
I(ij) / 

I(k) 
∆ω’ ∆ω TFR 

39 39 -37.54 1128.2 35.9 1128.2 35.9 2254.0 14.1 0.0178 78.5 80.9 0.464 

38 38 -2.26 1125.2 3.2 1125.2 3.2 2246.7 0.4 0.0006 71.2 74.8 0.030 

37 37 -1.58 1112.3 51.6 1112.3 51.6 2241.7 0.0 0.0000 66.2 49.0 0.032 

36 36 -0.27 1081.6 13.2 1081.6 13.2 2168.6 0.4 0.0005 -6.9 -12.3 0.022 

35 35 -0.67 1037.0 9.3 1037.0 9.3 2073.3 0.1 0.0001 -102.1 -101.4 0.007 

38 39 1.12 1125.2 3.2 1128.2 35.9 2253.3 0.1 0.0001 77.8 77.9 0.014 

37 39 -0.58 1112.3 51.6 1128.2 35.9 2248.1 0.0 0.0000 72.6 65.0 0.009 

37 38 -0.27 1112.3 51.6 1125.2 3.2 2243.2 0.2 0.0003 67.7 61.9 0.004 

36 41 0.48 1081.6 13.2 1211.7 3.0 2284.9 0.1 0.0001 109.4 117.8 0.004 

36 40 -0.94 1081.6 13.2 1191.8 25.1 2276.9 0.0 0.0000 101.4 97.9 0.010 

36 39 -2.92 1081.6 13.2 1128.2 35.9 2209.9 12.0 0.0151 34.4 34.3 0.085 

35 39 -0.32 1037.0 9.3 1128.2 35.9 2165.6 0.1 0.0001 -9.8 -10.2 0.032 

35 38 -0.64 1037.0 9.3 1125.2 3.2 2159.6 1.6 0.0020 -15.9 -13.3 0.048 

35 37 -0.30 1037.0 9.3 1112.3 51.6 2156.8 0.4 0.0005 -18.7 -26.2 0.012 

34 42 0.78 1016.8 1.3 1288.5 143.9 2302.8 0.0 0.0000 127.3 129.8 0.006 

34 41 -0.33 1016.8 1.3 1211.7 3.0 2219.3 0.0 0.0000 43.8 53.0 0.006 

34 40 0.98 1016.8 1.3 1191.8 25.1 2212.0 7.8 0.0098 36.6 33.1 0.030 

34 39 2.77 1016.8 1.3 1128.2 35.9 2144.0 0.8 0.0010 -31.5 -30.5 0.091 

34 37 -0.74 1016.8 1.3 1112.3 51.6 2135.8 0.0 0.0001 -39.7 -46.4 0.016 

33 45 -0.64 980.0 0.1 1323.0 91.6 2293.5 0.0 0.0000 118.1 127.5 0.005 

33 42 -0.27 980.0 0.1 1288.5 143.9 2262.5 0.0 0.0000 87.0 93.0 0.003 

33 39 0.44 980.0 0.1 1128.2 35.9 2102.2 0.0 0.0000 -73.3 -67.3 0.007 

31 44 -0.35 951.9 2.8 1311.6 36.7 2272.4 0.0 0.0000 97.0 88.0 0.004 

31 43 -0.33 951.9 2.8 1312.8 20.6 2268.0 0.2 0.0003 92.5 89.2 0.004 

31 42 0.66 951.9 2.8 1288.5 143.9 2244.6 0.0 0.0000 69.1 64.9 0.010 

31 41 0.22 951.9 2.8 1211.7 3.0 2158.6 0.2 0.0002 -16.9 -11.9 0.019 

31 40 -0.41 951.9 2.8 1191.8 25.1 2151.8 0.0 0.0000 -23.6 -31.8 0.013 

31 39 -0.89 951.9 2.8 1128.2 35.9 2084.6 0.0 0.0000 -90.9 -95.4 0.009 

30 45 0.28 955.0 13.5 1323.0 91.6 2276.4 0.0 0.0000 100.9 102.6 0.003 

30 44 0.34 955.0 13.5 1311.6 36.7 2273.8 0.0 0.0000 98.3 91.2 0.004 

30 43 0.29 955.0 13.5 1312.8 20.6 2268.9 0.3 0.0003 93.5 92.3 0.003 

30 42 -0.65 955.0 13.5 1288.5 143.9 2245.8 0.0 0.0000 70.3 68.1 0.010 

30 40 0.36 955.0 13.5 1191.8 25.1 2153.1 0.0 0.0000 -22.4 -28.6 0.012 

30 39 0.81 955.0 13.5 1128.2 35.9 2085.7 0.0 0.0000 -89.8 -92.2 0.009 

30 38 -0.27 955.0 13.5 1125.2 3.2 2081.9 0.2 0.0002 -93.5 -95.3 0.003 

29 46 -0.38 850.4 66.7 1370.2 140.0 2213.5 0.1 0.0002 38.0 45.1 0.008 

29 45 1.93 850.4 66.7 1323.0 91.6 2163.7 3.2 0.0040 -11.8 -2.1 0.930 

29 43 -0.22 850.4 66.7 1312.8 20.6 2158.3 0.1 0.0001 -17.2 -12.3 0.018 

29 42 0.28 850.4 66.7 1288.5 143.9 2134.1 0.0 0.0000 -41.4 -36.6 0.008 

28 46 -0.76 835.6 22.5 1370.2 140.0 2206.5 0.2 0.0003 31.1 30.3 0.025 

28 45 3.20 835.6 22.5 1323.0 91.6 2157.2 3.2 0.0040 -18.3 -16.9 0.189 

28 42 0.50 835.6 22.5 1288.5 143.9 2128.0 0.0 0.0000 -47.5 -51.4 0.010 

27 47 0.31 819.0 4.5 1418.9 12.5 2238.4 0.0 0.0000 62.9 62.4 0.005 

27 46 13.18 819.0 4.5 1370.2 140.0 2189.3 126.8 0.1601 13.9 13.7 0.962 

27 45 -58.84 819.0 4.5 1323.0 91.6 2124.2 151.3 0.1911 -51.2 -33.5 1.759 

27 44 0.55 819.0 4.5 1311.6 36.7 2134.7 0.0 0.0000 -40.8 -44.9 0.012 
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i j 
Kijk 

/ cm-1 
ω(i)   / 

cm-1 
I(i) / km 

mol-1 
ω(j)   / 

cm-1 
I(j) / km 

mol-1 
ω(ij)   / 

cm-1 
I(ij) / km 

mol-1 
I(ij) / 

I(k) 
∆ω’ ∆ω TFR 

27 43 4.26 819.0 4.5 1312.8 20.6 2131.3 0.4 0.0005 -44.2 -43.7 0.097 

27 42 -9.69 819.0 4.5 1288.5 143.9 2106.1 1.6 0.0020 -69.3 -68.0 0.143 

26 46 1.02 822.3 3.6 1370.2 140.0 2192.5 1.9 0.0024 17.1 17.0 0.060 

26 45 -5.83 822.3 3.6 1323.0 91.6 2141.6 3.6 0.0045 -33.9 -30.2 0.193 

26 43 0.39 822.3 3.6 1312.8 20.6 2135.8 0.0 0.0000 -39.6 -40.4 0.010 

26 42 -0.97 822.3 3.6 1288.5 143.9 2110.8 0.0 0.0001 -64.7 -64.7 0.015 

25 48 0.22 776.7 0.7 1504.4 177.9 2280.5 0.0 0.0000 105.0 105.6 0.002 

25 46 1.63 776.7 0.7 1370.2 140.0 2145.1 0.7 0.0009 -30.4 -28.5 0.057 

25 45 -3.45 776.7 0.7 1323.0 91.6 2096.2 0.1 0.0002 -79.3 -75.7 0.046 

25 43 0.28 776.7 0.7 1312.8 20.6 2089.5 0.0 0.0000 -86.0 -86.0 0.003 

25 42 -0.65 776.7 0.7 1288.5 143.9 2066.7 0.0 0.0000 -108.8 -110.2 0.006 

24 45 0.41 727.2 12.5 1323.0 91.6 2046.0 0.1 0.0001 -129.4 -125.3 0.003 

23 50 -0.26 710.2 15.5 1595.9 12.3 2307.2 0.0 0.0000 131.7 130.6 0.002 

23 49 -2.44 710.2 15.5 1575.6 3.4 2288.0 0.1 0.0001 112.6 110.3 0.022 

23 48 6.31 710.2 15.5 1504.4 177.9 2214.8 4.5 0.0057 39.3 39.1 0.161 

23 47 1.32 710.2 15.5 1418.9 12.5 2133.1 0.2 0.0002 -42.4 -46.3 0.028 

23 46 9.56 710.2 15.5 1370.2 140.0 2080.7 0.3 0.0004 -94.8 -95.1 0.101 

21 49 0.35 652.3 2.2 1575.6 3.4 2227.2 0.0 0.0000 51.7 52.5 0.007 

21 48 0.36 652.3 2.2 1504.4 177.9 2153.4 0.0 0.0001 -22.1 -18.8 0.019 

20 49 1.00 648.0 2.6 1575.6 3.4 2223.4 0.1 0.0001 48.0 48.2 0.021 

20 48 -2.35 648.0 2.6 1504.4 177.9 2150.1 0.7 0.0008 -25.4 -23.1 0.102 

20 47 -0.95 648.0 2.6 1418.9 12.5 2066.7 0.0 0.0001 -108.7 -108.5 0.009 

19 49 -0.34 625.1 0.8 1575.6 3.4 2204.4 0.0 0.0000 28.9 25.3 0.014 

17 50 0.79 546.2 5.6 1595.9 12.3 2144.0 0.8 0.0010 -31.5 -33.3 0.024 

17 48 -1.12 546.2 5.6 1504.4 177.9 2051.1 0.1 0.0001 -124.4 -124.9 0.009 

15 52 0.34 522.5 8.0 1699.7 923.5 2220.9 0.0 0.0000 45.5 46.8 0.007 

14 53 -0.26 439.6 0.2 1770.0 0.5 2219.6 0.0 0.0000 44.1 34.1 0.008 

11 52 -0.41 373.3 1.1 1699.7 923.5 2073.6 0.1 0.0002 -101.9 -102.4 0.004 

10 52 -0.30 342.0 4.2 1699.7 923.5 2041.9 0.0 0.0000 -133.6 -133.7 0.002 

5 54 -4.35 127.7 6.9 2175.5 791.7 2285.7 0.4 0.0005 110.2 127.7 0.034 

 

6-311++G(d,p) 

i j 
Kijk 

/ cm-1 

ω(i)   / 

cm-1 

I(i) / km 

mol-1 

ω(j)   / 

cm-1 

I(j) / km 

mol-1 

ω(ij)   / 

cm-1 

I(ij) / km 

mol-1 

I(ij) / 

I(k) 
∆ω’ ∆ω TFR 

39 39 -37.51 1124.4 36.9 1124.4 36.9 2245.4 14.0 0.0189 62.1 65.5 0.572 

38 38 -2.24 1144.0 16.9 1144.0 16.9 2258.6 0.5 0.0006 75.3 104.7 0.021 

37 37 -1.51 1108.5 60.5 1108.5 60.5 2275.7 0.0 0.0000 92.4 33.7 0.045 

36 36 -0.27 1083.0 15.1 1083.0 15.1 2171.4 0.4 0.0005 -11.9 -17.2 0.015 

35 35 -0.67 1036.7 9.4 1036.7 9.4 2072.5 0.1 0.0001 -110.7 -109.8 0.006 

38 39 1.14 1144.0 16.9 1124.4 36.9 2255.0 0.1 0.0001 71.8 85.1 0.013 

37 39 -0.63 1108.5 60.5 1124.4 36.9 2260.2 0.0 0.0000 77.0 49.6 0.013 

37 38 -0.30 1108.5 60.5 1144.0 16.9 2266.2 0.2 0.0003 82.9 69.2 0.004 

36 41 0.46 1083.0 15.1 1188.5 24.8 2295.3 0.1 0.0001 112.1 88.3 0.005 

36 40 -0.93 1083.0 15.1 1250.2 6.6 2294.7 0.0 0.0000 111.5 150.0 0.006 

36 39 -2.93 1083.0 15.1 1124.4 36.9 2207.2 12.0 0.0161 24.0 24.2 0.121 

35 39 -0.33 1036.7 9.4 1124.4 36.9 2161.1 0.1 0.0001 -22.1 -22.1 0.015 
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i j 
Kijk 

/ cm-1 
ω(i)   / 

cm-1 
I(i) / km 

mol-1 
ω(j)   / 

cm-1 
I(j) / km 

mol-1 
ω(ij)   / 

cm-1 
I(ij) / km 

mol-1 
I(ij) / 

I(k) 
∆ω’ ∆ω TFR 

35 38 -0.64 1036.7 9.4 1144.0 16.9 2165.1 1.6 0.0021 -18.2 -2.6 0.248 

35 37 -0.29 1036.7 9.4 1108.5 60.5 2173.3 0.4 0.0005 -10.0 -38.1 0.008 

34 42 0.79 1009.0 0.3 1288.9 95.8 2294.0 0.0 0.0000 110.7 114.7 0.007 

34 41 -0.30 1009.0 0.3 1188.5 24.8 2219.4 0.0 0.0000 36.1 14.3 0.021 

34 40 0.94 1009.0 0.3 1250.2 6.6 2219.3 6.8 0.0091 36.0 76.0 0.012 

34 39 2.78 1009.0 0.3 1124.4 36.9 2130.7 0.8 0.0011 -52.6 -49.8 0.056 

34 37 -0.78 1009.0 0.3 1108.5 60.5 2143.7 0.0 0.0001 -39.5 -65.7 0.012 

33 42 -0.28 947.3 13.7 1288.9 95.8 2296.3 0.0 0.0000 113.1 53.0 0.005 

33 39 0.49 947.3 13.7 1124.4 36.9 2132.3 0.0 0.0000 -51.0 -111.6 0.004 

31 44 0.53 956.3 6.9 1342.0 12.9 2304.6 0.0 0.0000 121.3 115.0 0.005 

31 43 0.44 956.3 6.9 1316.2 31.3 2281.6 0.4 0.0006 98.3 89.2 0.005 

31 42 -0.89 956.3 6.9 1288.9 95.8 2255.2 0.1 0.0001 71.9 62.0 0.014 

31 41 -0.24 956.3 6.9 1188.5 24.8 2178.5 0.3 0.0005 -4.7 -38.5 0.006 

31 40 0.50 956.3 6.9 1250.2 6.6 2180.2 0.0 0.0000 -3.1 23.3 0.021 

31 39 1.21 956.3 6.9 1124.4 36.9 2091.9 0.0 0.0000 -91.3 -102.6 0.012 

30 42 -0.21 1080.8 40.4 1288.9 95.8 2297.3 0.0 0.0000 114.0 186.5 0.001 

30 38 -0.32 1080.8 40.4 1144.0 16.9 2140.6 0.1 0.0001 -42.6 41.5 0.008 

29 46 -0.37 825.3 4.8 1376.3 164.4 2242.3 0.1 0.0002 59.1 18.4 0.020 

29 45 1.97 825.3 4.8 1314.4 140.2 2194.0 3.4 0.0046 10.8 -43.6 0.045 

29 42 0.28 825.3 4.8 1288.9 95.8 2158.8 0.0 0.0000 -24.4 -69.0 0.004 

28 46 -0.76 846.2 63.8 1376.3 164.4 2217.8 0.2 0.0003 34.6 39.2 0.019 

28 45 3.21 846.2 63.8 1314.4 140.2 2169.9 3.2 0.0043 -13.3 -22.7 0.141 

28 42 0.50 846.2 63.8 1288.9 95.8 2135.2 0.0 0.0000 -48.0 -48.2 0.010 

28 40 -0.31 846.2 63.8 1250.2 6.6 2058.4 0.0 0.0000 -124.8 -86.9 0.004 

27 47 0.35 818.0 4.5 1419.4 0.6 2246.4 0.0 0.0000 63.1 54.1 0.006 

27 46 13.12 818.0 4.5 1376.3 164.4 2201.3 125.6 0.1693 18.0 11.0 1.190 

27 45 -58.77 818.0 4.5 1314.4 140.2 2135.9 195.1 0.2630 -47.3 -50.9 1.155 

27 44 0.59 818.0 4.5 1342.0 12.9 2164.0 0.0 0.0000 -19.3 -23.3 0.025 

27 43 4.22 818.0 4.5 1316.2 31.3 2143.2 0.4 0.0005 -40.1 -49.0 0.086 

27 42 -9.70 818.0 4.5 1288.9 95.8 2114.0 1.6 0.0021 -69.3 -76.3 0.127 

26 46 1.12 984.2 29.3 1376.3 164.4 2291.7 2.3 0.0031 108.4 177.2 0.006 

26 45 -6.14 984.2 29.3 1314.4 140.2 2242.6 4.1 0.0056 59.4 115.3 0.053 

26 43 0.45 984.2 29.3 1316.2 31.3 2234.9 0.0 0.0000 51.7 117.2 0.004 

26 42 -1.02 984.2 29.3 1288.9 95.8 2205.7 0.0 0.0001 22.5 89.9 0.011 

26 40 0.34 984.2 29.3 1250.2 6.6 2131.6 0.0 0.0000 -51.6 51.2 0.007 

26 37 -0.41 984.2 29.3 1108.5 60.5 2057.6 0.0 0.0000 -125.7 -90.6 0.004 

25 48 0.22 775.1 0.2 1512.9 160.3 2289.1 0.0 0.0000 105.8 104.8 0.002 

25 46 1.61 775.1 0.2 1376.3 164.4 2146.6 0.7 0.0009 -36.6 -31.9 0.051 

25 45 -3.42 775.1 0.2 1314.4 140.2 2099.1 0.1 0.0002 -84.1 -93.8 0.036 

25 43 0.28 775.1 0.2 1316.2 31.3 2091.0 0.0 0.0000 -92.3 -91.9 0.003 

25 42 -0.65 775.1 0.2 1288.9 95.8 2064.2 0.0 0.0000 -119.0 -119.2 0.005 

24 45 0.53 730.9 14.3 1314.4 140.2 2062.1 0.1 0.0001 -121.2 -138.0 0.004 

23 50 -0.27 712.9 13.8 1597.6 10.7 2308.1 0.0 0.0000 124.8 127.2 0.002 

23 49 -2.45 712.9 13.8 1583.7 2.8 2294.0 0.1 0.0001 110.7 113.3 0.022 

23 48 6.33 712.9 13.8 1512.9 160.3 2224.6 4.6 0.0061 41.3 42.5 0.149 

23 47 1.33 712.9 13.8 1419.4 0.6 2131.7 0.2 0.0002 -51.6 -51.0 0.026 

23 46 9.54 712.9 13.8 1376.3 164.4 2083.3 0.3 0.0004 -99.9 -94.1 0.101 

21 49 0.33 658.3 5.2 1583.7 2.8 2238.9 0.0 0.0000 55.6 58.7 0.006 
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i j 
Kijk 

/ cm-1 
ω(i)   / 

cm-1 
I(i) / km 

mol-1 
ω(j)   / 

cm-1 
I(j) / km 

mol-1 
ω(ij)   / 

cm-1 
I(ij) / km 

mol-1 
I(ij) / 

I(k) 
∆ω’ ∆ω TFR 

21 48 0.40 658.3 5.2 1512.9 160.3 2169.6 0.1 0.0001 -13.7 -12.0 0.034 

20 49 0.99 651.7 7.3 1583.7 2.8 2233.4 0.1 0.0001 50.2 52.1 0.019 

20 48 -2.33 651.7 7.3 1512.9 160.3 2163.9 0.7 0.0009 -19.3 -18.6 0.125 

20 47 -0.97 651.7 7.3 1419.4 0.6 2069.3 0.0 0.0001 -113.9 -112.2 0.009 

19 49 -0.33 625.2 2.9 1583.7 2.8 2212.4 0.0 0.0000 29.1 25.7 0.013 

17 50 0.79 525.7 7.9 1597.6 10.7 2149.0 0.8 0.0011 -34.3 -59.9 0.013 

17 48 -1.07 525.7 7.9 1512.9 160.3 2065.0 0.1 0.0001 -118.3 -144.6 0.007 

15 52 0.34 547.1 5.0 1699.4 950.2 2264.4 0.0 0.0000 81.1 63.2 0.005 

14 53 -0.26 406.0 1.4 1772.5 0.3 2192.1 0.0 0.0000 8.8 -4.7 0.054 

12 50 0.43 454.4 7.1 1597.6 10.7 2052.8 0.0 0.0000 -130.5 -131.2 0.003 

11 52 -0.41 366.4 0.2 1699.4 950.2 2080.2 0.1 0.0002 -103.1 -117.5 0.003 

5 54 -4.35 264.6 44.8 2183.3 741.7 2313.3 0.4 0.0005 130.0 264.6 0.016 
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APPENDIX H 

VIBRATIONAL MODES OF 4-AZIDO-N-PHENYLMALEIMIDE (ISOMER 2) THAT 

OCCUR WITHIN ±130 CM-1 FROM THE FUNDAMENTAL VIBRATION FOR SEVEN 

BASIS SETS IN THF 

i, j, k : vibrational modes ; where k = 54 (azide asymmetric stretch)  

i = j → overtone & i ≠ j → combination band 

Kijk : cubic force constant 

TFR : third-order Fermi resonance  

ω(i), ω(j), ω(k) : anharmonic frequencies of i, j & k th mode  

ω(ij) : anharmonic frequency of ij th mode 

I(i), I(j), I(k) : anharmonic intensities of i, j & k th mode  

I(ij) : anharmonic intensity of ij th mode 

∆ω’ : ω(ij) - ω(k)   

∆ω : ω(i) + ω(j) - ω(k)   

 

6-31G(d,p)  

i j 
Kijk 

/ cm-1 

ω(i)   / 

cm-1 

I(i) / km 

mol-1 

ω(j)   / 

cm-1 

I(j) / km 

mol-1 

ω(ij)   / 

cm-1 

I(ij) / km 

mol-1 

I(ij) / 

I(k) 
∆ω’ ∆ω TFR 

39 39 36.18 1142.9 21.9 1142.9 21.9 2286.1 12.0 0.0311 89.6 89.4 0.405 

38 38 3.94 1141.4 40.1 1141.4 40.1 2279.4 0.3 0.0007 82.9 86.3 0.046 

37 37 1.60 1120.6 26.0 1120.6 26.0 2251.9 0.0 0.0000 55.4 44.7 0.036 

36 36 0.30 1061.8 10.7 1061.8 10.7 2119.4 0.4 0.0009 -77.0 -72.9 0.004 

38 39 7.22 1141.4 40.1 1142.9 21.9 2284.2 1.5 0.0040 87.7 87.9 0.082 

37 40 0.49 1120.6 26.0 1197.5 4.5 2327.6 0.5 0.0013 131.1 121.6 0.004 

37 39 1.64 1120.6 26.0 1142.9 21.9 2269.7 0.0 0.0000 73.2 67.0 0.025 

37 38 -0.38 1120.6 26.0 1141.4 40.1 2265.2 0.4 0.0011 68.7 65.5 0.006 

36 41 -0.50 1061.8 10.7 1219.8 28.9 2276.9 0.1 0.0002 80.5 85.1 0.006 

36 40 0.82 1061.8 10.7 1197.5 4.5 2261.7 0.0 0.0001 65.2 62.8 0.013 

36 39 2.37 1061.8 10.7 1142.9 21.9 2205.3 127.2 0.3303 8.8 8.2 0.288 

36 38 0.49 1061.8 10.7 1141.4 40.1 2202.0 0.9 0.0023 5.6 6.7 0.074 

35 42 0.25 1029.1 6.9 1298.9 1.6 2327.2 0.7 0.0017 130.8 131.6 0.002 

35 39 0.71 1029.1 6.9 1142.9 21.9 2173.0 0.2 0.0004 -23.5 -24.4 0.029 

35 38 -0.63 1029.1 6.9 1141.4 40.1 2166.8 1.2 0.0031 -29.7 -26.0 0.024 

35 37 0.45 1029.1 6.9 1120.6 26.0 2153.3 0.6 0.0015 -43.2 -46.8 0.010 

34 41 0.73 1023.7 0.4 1219.8 26.0 2239.5 0.1 0.0002 43.0 47.0 0.016 
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i j 
Kijk 

/ cm-1 
ω(i)   / 

cm-1 
I(i) / km 

mol-1 
ω(j)   / 

cm-1 
I(j) / km 

mol-1 
ω(ij)   / 

cm-1 
I(ij) / km 

mol-1 
I(ij) / 

I(k) 
∆ω’ ∆ω TFR 

34 40 -1.57 1023.7 0.4 1197.5 4.5 2223.7 3.2 0.0084 27.2 24.7 0.064 

34 39 -3.47 1023.7 0.4 1142.9 21.9 2167.5 0.6 0.0016 -28.9 -29.9 0.116 

34 38 -0.44 1023.7 0.4 1141.4 40.1 2164.2 0.0 0.0001 -32.3 -31.4 0.014 

34 37 0.60 1023.7 0.4 1120.6 26.0 2148.9 0.0 0.0001 -47.6 -52.2 0.012 

33 45 -0.20 983.5 3.3 1333.2 158.0 2315.0 0.0 0.0000 118.5 120.2 0.002 

32 46 -0.38 951.6 4.4 1375.2 89.5 2328.0 0.0 0.0000 131.5 130.4 0.003 

32 45 1.29 951.6 4.4 1333.2 158.0 2282.9 0.0 0.0000 86.5 88.3 0.015 

32 43 -0.87 951.6 4.4 1327.0 0.7 2273.5 0.0 0.0001 77.0 82.2 0.011 

32 41 -0.31 951.6 4.4 1219.8 28.9 2166.0 0.3 0.0009 -30.5 -25.0 0.012 

32 40 0.23 951.6 4.4 1197.5 4.5 2151.9 0.0 0.0000 -44.6 -47.3 0.005 

32 39 0.92 951.6 4.4 1142.9 21.9 2095.8 0.0 0.0000 -100.7 -101.9 0.009 

32 38 0.35 951.6 4.4 1141.4 40.1 2091.4 0.1 0.0002 -105.1 -103.4 0.003 

31 45 0.69 964.0 6.9 1333.2 158.0 2291.4 0.0 0.0000 94.9 100.7 0.007 

31 43 -0.25 964.0 6.9 1327.0 0.7 2281.9 0.0 0.0000 85.4 94.6 0.003 

29 46 -0.71 852.7 68.4 1375.2 89.5 2222.2 0.5 0.0012 25.7 31.4 0.023 

29 45 2.89 852.7 68.4 1333.2 158.0 2177.6 0.8 0.0020 -18.9 -10.6 0.272 

29 44 0.66 852.7 68.4 1314.0 120.5 2168.5 0.0 0.0000 -28.0 -29.7 0.022 

29 43 0.23 852.7 68.4 1327.0 0.7 2169.8 0.1 0.0001 -26.7 -16.7 0.014 

28 46 6.23 835.2 7.8 1375.2 89.5 2215.1 23.1 0.0600 18.7 13.9 0.447 

28 45 -23.08 835.2 7.8 1333.2 158.0 2168.4 27.4 0.0712 -28.1 -28.1 0.821 

28 44 -4.96 835.2 7.8 1314.0 120.5 2160.7 0.4 0.0010 -35.8 -47.2 0.105 

28 43 -2.50 835.2 7.8 1327.0 0.7 2161.3 0.1 0.0003 -35.2 -34.2 0.073 

28 42 -1.06 835.2 7.8 1298.9 1.6 2140.5 0.0 0.0000 -56.0 -62.3 0.017 

27 47 -0.25 824.0 1.0 1440.4 0.7 2266.3 0.0 0.0001 69.9 68.0 0.004 

27 46 -14.48 824.0 1.0 1375.2 89.5 2206.4 222.8 0.5786 9.9 2.8 5.228 

27 45 52.70 824.0 1.0 1333.2 158.0 2146.5 87.6 0.2275 -50.0 -39.3 1.342 

27 44 11.29 824.0 1.0 1314.0 120.5 2145.9 2.1 0.0054 -50.6 -58.4 0.193 

27 43 5.79 824.0 1.0 1327.0 0.7 2146.8 0.4 0.0011 -49.7 -45.4 0.128 

27 42 2.38 824.0 1.0 1298.9 1.6 2125.7 0.1 0.0002 -70.8 -73.5 0.032 

26 46 -0.85 824.6 0.3 1375.2 89.5 2202.1 1.7 0.0045 5.6 3.4 0.254 

26 45 1.78 824.6 0.3 1333.2 158.0 2157.7 0.1 0.0002 -38.8 -38.7 0.046 

26 44 0.43 824.6 0.3 1314.0 120.5 2148.9 0.0 0.0001 -47.6 -57.8 0.007 

25 48 -0.49 762.9 4.1 1518.8 102.2 2281.8 0.1 0.0002 85.3 85.3 0.006 

25 46 -2.50 762.9 4.1 1375.2 89.5 2138.1 0.7 0.0018 -58.4 -58.3 0.043 

25 45 5.20 762.9 4.1 1333.2 158.0 2094.2 0.1 0.0003 -102.3 -100.4 0.052 

25 44 1.22 762.9 4.1 1314.0 120.5 2084.7 0.0 0.0001 -111.8 -119.5 0.010 

25 43 0.70 762.9 4.1 1327.0 0.7 2085.0 0.0 0.0000 -111.5 -106.5 0.007 

25 42 0.28 762.9 4.1 1298.9 1.6 2062.5 0.0 0.0000 -133.9 -134.6 0.002 

24 48 0.23 722.6 7.8 1518.8 102.2 2238.0 0.0 0.0001 41.5 45.0 0.005 

23 50 0.69 709.4 18.8 1615.2 6.4 2324.1 0.0 0.0001 127.6 128.1 0.005 

23 49 2.30 709.4 18.8 1596.9 1.8 2305.6 0.1 0.0003 109.2 109.8 0.021 

23 48 -6.79 709.4 18.8 1518.8 102.2 2227.9 11.8 0.0308 31.4 31.8 0.214 

23 47 -1.21 709.4 18.8 1440.4 0.7 2150.9 0.1 0.0002 -45.5 -46.6 0.026 

23 46 -10.91 709.4 18.8 1375.2 89.5 2084.9 0.2 0.0006 -111.6 -111.8 0.098 

21 50 -0.25 643.7 2.3 1615.2 6.4 2257.3 0.0 0.0000 60.8 62.3 0.004 

21 48 0.87 643.7 2.3 1518.8 102.2 2161.4 0.1 0.0002 -35.1 -34.0 0.026 

21 47 0.30 643.7 2.3 1440.4 0.7 2084.3 0.1 0.0002 -112.2 -112.4 0.003 

20 50 0.23 641.1 2.5 1615.2 6.4 2256.1 0.0 0.0000 59.6 59.8 0.004 

20 49 0.94 641.1 2.5 1596.9 1.8 2239.0 0.2 0.0004 42.5 41.5 0.023 

20 48 -2.19 641.1 2.5 1518.8 102.2 2160.1 0.2 0.0004 -36.4 -36.5 0.060 

20 47 -0.88 641.1 2.5 1440.4 0.7 2082.6 0.1 0.0002 -113.8 -114.9 0.008 

18 48 0.33 586.7 5.3 1518.8 102.2 2105.7 0.0 0.0000 -90.8 -90.9 0.004 

17 50 -0.93 549.4 6.7 1615.2 6.4 2164.0 0.8 0.0021 -32.5 -31.9 0.029 

17 48 0.78 549.4 6.7 1518.8 102.2 2067.6 0.0 0.0001 -128.9 -128.2 0.006 

5 54 3.55 134.8 5.9 2196.5 385.2 2320.1 0.3 0.0007 123.6 134.8 0.026 

2 54 -0.74 113.1 2.4 2196.5 385.2 2310.6 0.1 0.0004 114.2 113.1 0.007 

1 54 0.97 39.3 0.4 2196.5 385.2 2243.2 1.3 0.0034 46.7 39.3 0.025 
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6-31+G(d,p) 

i j 
Kijk 

/ cm-1 
ω(i)   / 

cm-1 
I(i) / km 

mol-1 
ω(j)   / 

cm-1 
I(j) / km 

mol-1 
ω(ij)   / 

cm-1 
I(ij) / km 

mol-1 
I(ij) / 

I(k) 
∆ω’ ∆ω TFR 

39 39 -38.89 1136.9 31.3 1136.9 31.3 2273.1 15.2 0.0215 87.3 88.0 0.442 

38 38 -2.68 1120.3 36.5 1120.3 36.5 2248.8 0.5 0.0007 63.1 54.8 0.049 

37 37 -1.09 1143.1 8.3 1143.1 8.3 2276.6 0.0 0.0000 90.9 100.4 0.011 

36 36 -0.26 1087.2 15.3 1087.2 15.3 2179.5 0.3 0.0004 -6.2 -11.4 0.023 

35 35 -0.70 1033.3 16.4 1033.3 16.4 2062.3 0.2 0.0002 -123.5 -119.1 0.006 

34 34 0.48 1022.8 1.0 1022.8 1.0 2045.8 0.0 0.0000 -140.0 -140.2 0.003 

38 41 0.51 1120.3 36.5 1215.1 3.5 2335.3 1.6 0.0023 149.5 149.6 0.003 

38 40 -1.30 1120.3 36.5 1198.5 14.2 2330.9 0.1 0.0002 145.2 133.0 0.010 

38 39 -3.87 1120.3 36.5 1136.9 31.3 2264.1 0.5 0.0007 78.4 71.4 0.054 

37 39 -0.84 1143.1 8.3 1136.9 31.3 2274.1 0.0 0.0000 88.4 94.2 0.009 

37 38 0.29 1143.1 8.3 1120.3 36.5 2263.6 0.1 0.0002 77.8 77.6 0.004 

36 41 0.47 1087.2 15.3 1215.1 3.5 2298.0 0.1 0.0001 112.3 116.5 0.004 

36 40 -0.80 1087.2 15.3 1198.5 14.2 2289.8 0.0 0.0000 104.0 99.9 0.008 

36 39 -2.77 1087.2 15.3 1136.9 31.3 2224.9 19.9 0.0283 39.1 38.3 0.072 

36 38 -0.29 1087.2 15.3 1120.3 36.5 2214.1 1.3 0.0019 28.4 21.7 0.013 

35 39 -0.44 1033.3 16.4 1136.9 31.3 2169.5 0.1 0.0001 -16.3 -15.5 0.029 

35 38 0.78 1033.3 16.4 1120.3 36.5 2154.6 1.9 0.0027 -31.1 -32.2 0.024 

34 44 -0.28 1022.8 1.0 1305.9 151.2 2332.0 0.1 0.0001 146.2 142.9 0.002 

34 41 -0.39 1022.8 1.0 1215.1 3.5 2233.7 0.0 0.0000 47.9 52.2 0.007 

34 40 0.97 1022.8 1.0 1198.5 14.2 2226.1 5.2 0.0073 40.3 35.5 0.027 

34 39 3.31 1022.8 1.0 1136.9 31.3 2160.4 0.8 0.0011 -25.4 -26.1 0.127 

34 37 -0.81 1022.8 1.0 1143.1 8.3 2159.9 0.0 0.0001 -25.8 -19.9 0.041 

33 45 -0.35 897.0 15.8 1322.7 52.2 2257.4 0.0 0.0000 71.6 34.0 0.010 

33 44 -0.26 897.0 15.8 1305.9 151.2 2241.2 0.0 0.0000 55.4 17.2 0.015 

33 39 0.29 897.0 15.8 1136.9 31.3 2068.0 0.0 0.0000 -117.8 -151.8 0.002 

31 46 0.29 947.2 7.8 1386.6 15.6 2326.3 0.0 0.0000 140.5 148.0 0.002 

31 45 -1.11 947.2 7.8 1322.7 52.2 2275.7 0.0 0.0000 89.9 84.1 0.013 

31 44 0.49 947.2 7.8 1305.9 151.2 2259.3 0.0 0.0000 73.6 67.3 0.007 

31 43 0.86 947.2 7.8 1331.5 60.2 2273.4 0.0 0.0001 87.6 93.0 0.009 

31 41 0.24 947.2 7.8 1215.1 3.5 2158.0 0.3 0.0005 -27.7 -23.5 0.010 

31 40 -0.35 947.2 7.8 1198.5 14.2 2151.5 0.0 0.0000 -34.2 -40.1 0.009 

31 39 -0.99 947.2 7.8 1136.9 31.3 2086.6 0.0 0.0000 -99.2 -101.7 0.010 

30 45 0.53 974.5 9.4 1322.7 52.2 2268.3 0.0 0.0000 82.6 111.5 0.005 

30 38 0.24 974.5 9.4 1120.3 36.5 2067.9 0.1 0.0001 -117.9 -91.0 0.003 

29 48 -0.37 771.9 2.3 1513.0 161.2 2327.6 0.0 0.0000 141.8 99.1 0.004 

29 46 -0.41 771.9 2.3 1386.6 15.6 2193.1 0.1 0.0002 7.4 -27.3 0.015 

29 45 2.21 771.9 2.3 1322.7 52.2 2142.3 1.3 0.0018 -43.4 -91.2 0.024 

29 44 0.54 771.9 2.3 1305.9 151.2 2127.3 0.0 0.0001 -58.5 -108.0 0.005 

29 43 0.26 771.9 2.3 1331.5 60.2 2142.3 0.0 0.0000 -43.5 -82.3 0.003 

28 46 -2.25 838.2 52.1 1386.6 15.6 2201.5 3.5 0.0049 15.8 39.1 0.058 

28 45 9.55 838.2 52.1 1322.7 52.2 2150.9 10.0 0.0141 -34.8 -24.8 0.385 

28 44 2.16 838.2 52.1 1305.9 151.2 2136.3 0.1 0.0002 -49.4 -41.6 0.052 

28 43 0.87 838.2 52.1 1331.5 60.2 2149.6 0.0 0.0000 -36.2 -16.0 0.055 

27 48 6.71 818.8 6.4 1513.0 161.2 2330.2 1.8 0.0026 144.4 146.1 0.046 

27 46 12.97 818.8 6.4 1386.6 15.6 2198.2 160.9 0.2284 12.4 19.7 0.659 

27 45 -56.85 818.8 6.4 1322.7 52.2 2133.0 108.5 0.1539 -52.8 -44.2 1.286 

27 44 -13.05 818.8 6.4 1305.9 151.2 2128.3 3.8 0.0054 -57.5 -61.0 0.214 

27 43 -5.29 818.8 6.4 1331.5 60.2 2143.1 0.5 0.0007 -42.7 -35.4 0.150 

27 42 -1.32 818.8 6.4 1318.3 63.0 2136.9 0.0 0.0001 -48.9 -48.6 0.027 

26 46 0.27 864.3 63.3 1386.6 15.6 2211.6 0.8 0.0012 25.8 65.1 0.004 

26 45 -2.63 864.3 63.3 1322.7 52.2 2160.8 0.5 0.0007 -25.0 1.2 2.126 

26 44 -0.62 864.3 63.3 1305.9 151.2 2145.9 0.0 0.0000 -39.8 -15.6 0.040 

26 40 0.31 864.3 63.3 1198.5 14.2 2039.5 0.0 0.0000 -146.3 -123.0 0.002 
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i j 
Kijk 

/ cm-1 
ω(i)   / 

cm-1 
I(i) / km 

mol-1 
ω(j)   / 

cm-1 
I(j) / km 

mol-1 
ω(ij)   / 

cm-1 
I(ij) / km 

mol-1 
I(ij) / 

I(k) 
∆ω’ ∆ω TFR 

25 48 -0.34 762.0 1.6 1513.0 161.2 2274.8 0.0 0.0001 89.0 89.2 0.004 

25 46 -1.90 762.0 1.6 1386.6 15.6 2138.6 0.6 0.0009 -47.1 -37.2 0.051 

25 45 4.18 762.0 1.6 1322.7 52.2 2088.7 0.1 0.0002 -97.0 -101.0 0.041 

25 44 1.05 762.0 1.6 1305.9 151.2 2073.6 0.0 0.0000 -112.1 -117.9 0.009 

25 43 0.48 762.0 1.6 1331.5 60.2 2086.6 0.0 0.0000 -99.1 -92.2 0.005 

24 48 0.23 702.5 54.5 1513.0 161.2 2210.8 0.0 0.0000 25.0 29.7 0.008 

23 50 -0.46 708.6 14.3 1608.2 30.6 2313.3 0.0 0.0000 127.5 131.1 0.004 

23 49 -2.48 708.6 14.3 1585.4 2.2 2293.2 0.1 0.0001 107.4 108.3 0.023 

23 48 6.65 708.6 14.3 1513.0 161.2 2217.9 8.2 0.0117 32.1 35.9 0.185 

23 47 1.11 708.6 14.3 1432.4 0.2 2138.2 0.1 0.0001 -47.6 -44.7 0.025 

23 46 9.44 708.6 14.3 1386.6 15.6 2083.4 0.2 0.0003 -102.4 -90.5 0.104 

21 48 0.57 648.7 2.5 1513.0 161.2 2160.3 0.1 0.0001 -25.5 -24.1 0.024 

21 47 0.35 648.7 2.5 1432.4 0.2 2080.3 0.1 0.0001 -105.4 -104.7 0.003 

20 49 -1.05 641.2 1.5 1585.4 2.2 2229.9 0.1 0.0002 44.1 40.8 0.026 

20 48 2.40 641.2 1.5 1513.0 161.2 2153.5 0.4 0.0005 -32.3 -31.6 0.076 

20 47 0.89 641.2 1.5 1432.4 0.2 2073.2 0.0 0.0001 -112.5 -112.2 0.008 

17 50 0.78 545.4 9.5 1608.2 30.6 2152.4 0.7 0.0010 -33.4 -32.2 0.024 

17 48 -0.93 545.4 9.5 1513.0 161.2 2056.7 0.1 0.0001 -129.0 -127.4 0.007 

15 52 0.29 508.7 14.2 1714.1 717.2 2226.4 0.0 0.0000 40.6 37.1 0.008 

14 50 0.30 443.2 0.3 1608.2 30.6 2051.2 0.0 0.0000 -134.6 -134.4 0.002 

11 52 -0.32 366.6 1.2 1714.1 717.2 2080.5 0.1 0.0001 -105.2 -105.0 0.003 

6 54 6.02 154.2 5.4 2185.8 704.8 2330.5 0.1 0.0002 144.8 154.2 0.039 

5 54 -4.50 121.6 6.1 2185.8 704.8 2293.1 0.3 0.0005 107.3 121.6 0.037 

1 54 1.43 -13.0 0.5 2185.8 704.8 2162.9 1.6 0.0023 -22.8 -13.0 0.110 

5 54 3.55 134.8 5.9 2196.5 385.2 2320.1 0.3 0.0007 123.6 134.8 0.026 

 

6-31++G(d,p) 

i j 
Kijk 

/ cm-1 

ω(i)   / 

cm-1 

I(i) / km 

mol-1 

ω(j)   / 

cm-1 

I(j) / km 

mol-1 

ω(ij)   / 

cm-1 

I(ij) / km 

mol-1 

I(ij) / 

I(k) 
∆ω’ ∆ω TFR 

38 38 2.65 1135.6 35.0 1135.6 35.0 2270.4 0.5 0.0007 96.1 96.9 0.027 

37 37 1.08 1148.3 242.4 1148.3 242.4 2265.8 0.0 0.0000 91.6 122.3 0.009 

36 36 0.26 1080.1 1.7 1080.1 1.7 2173.2 0.3 0.0004 -1.0 -14.1 0.019 

35 35 0.69 1025.4 39.8 1025.4 39.8 2050.0 0.2 0.0002 -124.2 -123.3 0.006 

30 30 4.14 1155.4 74.8 1155.4 74.8 2292.9 0.5 0.0007 118.7 136.6 0.030 

38 41 -0.47 1135.6 35.0 1106.7 155.4 2304.1 1.6 0.0021 129.9 68.1 0.007 

37 38 -0.31 1148.3 242.4 1135.6 35.0 2269.0 0.1 0.0002 94.8 109.6 0.003 

36 41 -0.46 1080.1 1.7 1106.7 155.4 2253.0 0.1 0.0001 78.7 12.5 0.036 

36 40 0.82 1080.1 1.7 1222.8 10.7 2274.6 0.0 0.0000 100.4 128.6 0.006 

36 38 0.28 1080.1 1.7 1135.6 35.0 2221.6 1.2 0.0015 47.4 41.4 0.007 

35 39 0.49 1025.4 39.8 1285.9 45.4 2292.2 0.1 0.0002 117.9 137.1 0.004 

35 38 -0.78 1025.4 39.8 1135.6 35.0 2159.3 1.9 0.0025 -15.0 -13.2 0.059 

34 37 0.83 1194.5 61.8 1148.3 242.4 2311.5 0.0 0.0001 137.3 168.5 0.005 

33 44 -0.26 931.5 5.2 1298.0 137.6 2257.2 0.0 0.0000 83.0 55.2 0.005 

33 39 0.34 931.5 5.2 1285.9 45.4 2204.3 0.0 0.0000 30.1 43.1 0.008 

31 46 -0.27 947.0 85.2 1359.7 90.7 2292.7 0.0 0.0000 118.5 132.5 0.002 

31 44 -0.49 947.0 85.2 1298.0 137.6 2260.3 0.0 0.0000 86.1 70.8 0.007 

31 43 -0.87 947.0 85.2 1315.7 36.8 2263.9 0.0 0.0001 89.7 88.5 0.010 

31 41 -0.23 947.0 85.2 1106.7 155.4 2114.3 0.3 0.0004 -59.9 -120.5 0.002 

31 40 0.35 947.0 85.2 1222.8 10.7 2137.7 0.0 0.0000 -36.5 -4.5 0.078 

31 39 1.00 947.0 85.2 1285.9 45.4 2214.9 0.0 0.0000 40.7 58.7 0.017 

30 38 0.25 1155.4 74.8 1135.6 35.0 2283.3 0.1 0.0001 109.1 116.7 0.002 

29 46 -0.39 942.9 93.7 1359.7 90.7 2231.8 0.1 0.0002 57.5 128.4 0.003 

29 44 0.53 942.9 93.7 1298.0 137.6 2200.5 0.0 0.0001 26.3 66.7 0.008 



 

212 

 

 

i j 
Kijk 

/ cm-1 
ω(i)   / 

cm-1 
I(i) / km 

mol-1 
ω(j)   / 

cm-1 
I(j) / km 

mol-1 
ω(ij)   / 

cm-1 
I(ij) / km 

mol-1 
I(ij) / 

I(k) 
∆ω’ ∆ω TFR 

29 43 0.25 942.9 93.7 1315.7 36.8 2205.4 0.0 0.0000 31.2 84.4 0.003 

29 39 -0.55 942.9 93.7 1285.9 45.4 2168.2 0.0 0.0000 -6.0 54.6 0.010 

29 38 -0.25 942.9 93.7 1135.6 35.0 2024.3 0.0 0.0000 -150.0 -95.7 0.003 

29 30 -3.53 942.9 93.7 1155.4 74.8 2033.8 0.1 0.0001 -140.4 -75.9 0.047 

28 46 -2.38 781.9 113.5 1359.7 90.7 2185.6 3.7 0.0048 11.4 -32.6 0.073 

28 45 10.16 781.9 113.5 1438.8 141.8 2275.6 11.7 0.0153 101.4 46.5 0.219 

28 44 2.33 781.9 113.5 1298.0 137.6 2155.0 0.1 0.0002 -19.3 -94.3 0.025 

28 43 0.96 781.9 113.5 1315.7 36.8 2157.9 0.0 0.0000 -16.4 -76.6 0.013 

28 40 -0.96 781.9 113.5 1222.8 10.7 2031.2 0.0 0.0000 -143.0 -169.6 0.006 

28 39 -3.03 781.9 113.5 1285.9 45.4 2111.2 0.1 0.0002 -63.0 -106.4 0.029 

27 46 -12.82 816.3 305.2 1359.7 90.7 2168.8 147.4 0.1918 -5.4 1.7 7.384 

27 45 56.66 816.3 305.2 1438.8 141.8 2257.5 78.3 0.1019 83.3 80.8 0.701 

27 44 13.17 816.3 305.2 1298.0 137.6 2133.5 4.0 0.0051 -40.7 -60.0 0.220 

27 43 5.42 816.3 305.2 1315.7 36.8 2137.8 0.6 0.0007 -36.4 -42.2 0.128 

27 42 1.28 816.3 305.2 1316.4 1.8 2137.2 0.0 0.0001 -37.0 -41.6 0.031 

27 39 -16.90 816.3 305.2 1285.9 45.4 2088.4 3.6 0.0047 -85.8 -72.0 0.235 

26 46 0.33 831.9 198.9 1359.7 90.7 2182.6 0.9 0.0012 8.4 17.4 0.019 

26 45 -2.91 831.9 198.9 1438.8 141.8 2267.6 0.6 0.0008 93.4 96.5 0.030 

26 44 -0.68 831.9 198.9 1298.0 137.6 2152.1 0.0 0.0000 -22.1 -44.3 0.015 

26 40 0.31 831.9 198.9 1222.8 10.7 2032.3 0.0 0.0000 -141.9 -119.5 0.003 

26 39 0.74 831.9 198.9 1285.9 45.4 2101.8 0.0 0.0000 -72.5 -56.4 0.013 

25 46 -1.85 947.4 14.1 1359.7 90.7 2265.8 0.6 0.0008 91.6 132.9 0.014 

25 44 1.05 947.4 14.1 1298.0 137.6 2252.3 0.0 0.0000 78.1 71.2 0.015 

25 43 0.54 947.4 14.1 1315.7 36.8 2249.0 0.0 0.0000 74.8 88.9 0.006 

25 40 -0.67 947.4 14.1 1222.8 10.7 2119.4 0.0 0.0000 -54.8 -4.1 0.165 

25 39 -1.06 947.4 14.1 1285.9 45.4 2186.3 0.0 0.0000 12.1 59.1 0.018 

25 37 0.28 947.4 14.1 1148.3 242.4 2065.4 0.0 0.0000 -108.8 -78.6 0.004 

24 29 -1.14 1641.0 2737.3 942.9 93.7 2244.0 2.0 0.0026 69.8 409.7 0.003 

24 27 0.34 1641.0 2737.3 816.3 305.2 2177.4 0.0 0.0000 3.1 283.1 0.001 

24 26 -0.93 1641.0 2737.3 831.9 198.9 2193.8 4.4 0.0058 19.6 298.7 0.003 

23 47 -1.12 757.7 5.9 1426.5 13.5 2160.8 0.1 0.0001 -13.4 10.0 0.113 

23 46 -9.37 757.7 5.9 1359.7 90.7 2080.2 0.2 0.0003 -94.1 -56.9 0.165 

23 45 40.44 757.7 5.9 1438.8 141.8 2172.5 6.2 0.0081 -1.7 22.2 1.820 

23 44 11.52 757.7 5.9 1298.0 137.6 2047.9 0.8 0.0010 -126.4 -118.6 0.097 

23 43 5.30 757.7 5.9 1315.7 36.8 2051.1 0.1 0.0002 -123.2 -100.8 0.053 

23 42 1.15 757.7 5.9 1316.4 1.8 2051.0 0.0 0.0000 -123.2 -100.2 0.011 

23 24 0.37 757.7 5.9 1641.0 2737.3 2090.9 0.1 0.0002 -83.3 224.5 0.002 

21 48 0.58 648.9 1.1 1615.6 108.8 2264.2 0.1 0.0001 90.0 90.4 0.006 

21 47 0.35 648.9 1.1 1426.5 13.5 2075.2 0.1 0.0001 -99.0 -98.7 0.004 

21 45 2.46 648.9 1.1 1438.8 141.8 2083.0 0.0 0.0000 -91.2 -86.5 0.028 

20 49 1.05 643.0 18.8 1603.1 2.9 2264.6 0.1 0.0002 90.3 71.9 0.015 

20 48 -2.40 643.0 18.8 1615.6 108.8 2287.6 0.4 0.0005 113.4 84.4 0.028 

20 47 -0.90 643.0 18.8 1426.5 13.5 2092.3 0.0 0.0001 -81.9 -104.7 0.009 

20 45 14.02 643.0 18.8 1438.8 141.8 2107.4 0.2 0.0003 -66.8 -92.4 0.152 

19 45 -2.09 626.5 21.3 1438.8 141.8 2035.2 0.0 0.0000 -139.1 -108.9 0.019 

18 45 -0.84 501.9 43.8 1438.8 141.8 2040.1 0.0 0.0000 -134.1 -233.5 0.004 

17 50 -0.76 554.5 1.9 1698.3 9.9 2259.3 0.7 0.0010 85.1 78.5 0.010 

17 48 0.94 554.5 1.9 1615.6 108.8 2177.2 0.1 0.0001 3.0 -4.1 0.229 

15 52 0.29 598.3 75.0 1713.0 656.2 2210.0 0.0 0.0000 35.8 137.1 0.002 

14 49 1.45 460.6 6.6 1603.1 2.9 2035.1 0.0 0.0001 -139.1 -110.6 0.013 

13 48 -0.73 409.2 5.0 1615.6 108.8 2038.6 0.0 0.0001 -135.7 -149.4 0.005 

12 50 0.48 340.5 40.4 1698.3 9.9 2157.4 0.0 0.0000 -16.8 -135.4 0.004 

11 52 -0.32 382.8 3.1 1713.0 656.2 2112.4 0.1 0.0001 -61.8 -78.4 0.004 

10 50 0.66 305.1 18.5 1698.3 9.9 2031.3 0.0 0.0000 -143.0 -170.8 0.004 

5 54 4.49 144.4 4.5 2174.2 768.1 2305.3 0.3 0.0004 131.1 144.4 0.031 

1 54 1.44 216.4 58.8 2174.2 768.1 2319.3 1.7 0.0022 145.1 216.4 0.007 
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6-311G(d,p) 

 

i j 
Kijk 

/ cm-1 
ω(i)   / 

cm-1 
I(i) / km 

mol-1 
ω(j)   / 

cm-1 
I(j) / km 

mol-1 
ω(ij)   / 

cm-1 
I(ij) / km 

mol-1 
I(ij) / 

I(k) 
∆ω’ ∆ω TFR 

39 39 -35.69 1133.7 21.1 1133.7 21.1 2265.1 11.9 0.0175 75.2 77.4 0.461 

38 38 -2.91 1126.2 21.4 1126.2 21.4 2252.3 0.1 0.0002 62.4 62.5 0.047 

37 37 -1.80 1103.5 42.6 1103.5 42.6 2205.4 0.1 0.0001 15.5 17.0 0.106 

36 36 -0.34 1032.8 11.2 1032.8 11.2 2054.0 0.5 0.0007 -135.9 -124.3 0.003 

35 35 -0.58 1021.6 2.1 1021.6 2.1 2040.7 0.1 0.0002 -149.2 -146.8 0.004 

39 41 4.33 1133.7 21.1 1203.1 6.0 2335.2 0.1 0.0001 145.2 146.8 0.029 

39 40 -14.26 1133.7 21.1 1181.1 0.9 2315.2 1.8 0.0027 125.3 124.9 0.114 

38 41 0.58 1126.2 21.4 1203.1 6.0 2328.0 0.9 0.0013 138.1 139.4 0.004 

38 40 -1.99 1126.2 21.4 1181.1 0.9 2309.4 0.4 0.0005 119.4 117.4 0.017 

38 39 -5.43 1126.2 21.4 1133.7 21.1 2260.0 0.8 0.0012 70.1 70.0 0.078 

37 40 -0.25 1103.5 42.6 1181.1 0.9 2285.4 0.5 0.0007 95.4 94.6 0.003 

37 39 -1.63 1103.5 42.6 1133.7 21.1 2237.0 0.0 0.0000 47.0 47.2 0.035 

37 38 0.62 1103.5 42.6 1126.2 21.4 2227.8 0.5 0.0007 37.9 39.8 0.016 

36 43 -0.89 1032.8 11.2 1296.8 56.7 2302.8 0.1 0.0001 112.9 139.6 0.006 

36 42 0.83 1032.8 11.2 1266.0 3.4 2301.2 0.1 0.0001 111.3 108.9 0.008 

36 41 0.43 1032.8 11.2 1203.1 6.0 2231.6 0.1 0.0001 41.6 45.9 0.009 

36 40 -0.87 1032.8 11.2 1181.1 0.9 2212.1 0.0 0.0000 22.1 24.0 0.036 

36 39 -2.57 1032.8 11.2 1133.7 21.1 2163.9 1.0 0.0015 -26.0 -23.4 0.110 

36 38 -0.34 1032.8 11.2 1126.2 21.4 2156.9 0.2 0.0003 -33.0 -30.9 0.011 

35 42 -0.39 1021.6 2.1 1266.0 3.4 2298.7 0.4 0.0006 108.8 97.6 0.004 

35 39 -0.69 1021.6 2.1 1133.7 21.1 2154.9 0.1 0.0002 -35.1 -34.7 0.020 

35 38 0.52 1021.6 2.1 1126.2 21.4 2146.0 0.8 0.0012 -43.9 -42.1 0.012 

35 37 -0.46 1021.6 2.1 1103.5 42.6 2122.4 0.7 0.0011 -67.6 -64.9 0.007 

34 45 -9.36 1012.9 0.1 1320.0 235.8 2335.3 0.4 0.0006 145.3 143.0 0.065 

34 43 -0.35 1012.9 0.1 1296.8 56.7 2296.5 0.0 0.0000 106.6 119.8 0.003 

34 42 0.66 1012.9 0.1 1266.0 3.4 2291.5 0.0 0.0000 101.6 89.0 0.007 

34 41 -0.45 1012.9 0.1 1203.1 6.0 2216.1 0.0 0.0000 26.1 26.1 0.017 

34 40 1.32 1012.9 0.1 1181.1 0.9 2195.3 36.6 0.0541 5.4 4.1 0.319 

34 39 3.07 1012.9 0.1 1133.7 21.1 2147.9 0.6 0.0009 -42.0 -43.3 0.071 

34 37 -0.70 1012.9 0.1 1103.5 42.6 2117.2 0.1 0.0001 -72.7 -73.5 0.009 

33 45 -0.24 940.2 0.7 1320.0 235.8 2263.2 0.0 0.0000 73.3 70.3 0.003 

32 40 -0.23 957.0 0.6 1181.1 0.9 2138.8 0.0 0.0001 -51.1 -51.8 0.005 

31 44 -0.52 942.7 15.5 1314.7 12.8 2256.9 0.0 0.0000 67.0 67.4 0.008 

31 43 -0.75 942.7 15.5 1296.8 56.7 2223.4 0.3 0.0004 33.5 49.5 0.015 

31 42 0.71 942.7 15.5 1266.0 3.4 2219.3 0.2 0.0003 29.4 18.7 0.038 

31 41 0.28 942.7 15.5 1203.1 6.0 2142.4 0.4 0.0005 -47.6 -44.2 0.006 

31 40 -0.32 942.7 15.5 1181.1 0.9 2124.1 0.0 0.0001 -65.8 -66.2 0.005 

31 39 -1.28 942.7 15.5 1133.7 21.1 2076.2 0.0 0.0000 -113.8 -113.6 0.011 

31 38 -0.25 942.7 15.5 1126.2 21.4 2068.3 0.1 0.0001 -121.6 -121.0 0.002 

30 37 0.29 941.1 4.3 1103.5 42.6 2044.3 0.1 0.0001 -145.6 -145.4 0.002 

29 48 -0.36 828.2 65.3 1505.8 190.9 2333.1 0.0 0.0000 143.2 144.1 0.003 

29 46 -0.65 828.2 65.3 1354.4 30.9 2186.4 0.1 0.0002 -3.5 -7.3 0.089 

29 45 2.12 828.2 65.3 1320.0 235.8 2149.0 1.5 0.0023 -40.9 -41.7 0.051 

29 43 -0.33 828.2 65.3 1296.8 56.7 2110.5 0.1 0.0001 -79.4 -64.9 0.005 

28 48 0.31 814.3 51.5 1505.8 190.9 2319.3 0.0 0.0000 129.3 130.1 0.002 

28 46 0.56 814.3 51.5 1354.4 30.9 2172.7 0.5 0.0008 -17.2 -21.2 0.026 

28 45 -1.90 814.3 51.5 1320.0 235.8 2135.1 0.4 0.0006 -54.8 -55.7 0.034 

28 43 0.27 814.3 51.5 1296.8 56.7 2096.5 0.0 0.0000 -93.4 -78.9 0.003 

28 42 -0.22 814.3 51.5 1266.0 3.4 2092.3 0.0 0.0000 -97.6 -109.6 0.002 

27 48 6.82 817.9 5.2 1505.8 190.9 2322.1 1.9 0.0028 132.2 133.8 0.051 

27 47 0.30 817.9 5.2 1429.0 2.4 2246.3 0.0 0.0000 56.4 57.0 0.005 

27 46 18.08 817.9 5.2 1354.4 30.9 2174.1 115.6 0.1709 -15.8 -17.6 1.028 

27 45 -58.44 817.9 5.2 1320.0 235.8 2127.5 92.1 0.1362 -62.4 -52.1 1.123 
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i j 
Kijk 

/ cm-1 
ω(i)   / 

cm-1 
I(i) / km 

mol-1 
ω(j)   / 

cm-1 
I(j) / km 

mol-1 
ω(ij)   / 

cm-1 
I(ij) / km 

mol-1 
I(ij) / 

I(k) 
∆ω’ ∆ω TFR 

27 44 -2.11 817.9 5.2 1314.7 12.8 2132.0 0.1 0.0001 -57.9 -57.3 0.037 

27 43 6.55 817.9 5.2 1296.8 56.7 2100.3 0.5 0.0007 -89.6 -75.3 0.087 

27 42 -6.58 817.9 5.2 1266.0 3.4 2095.6 0.5 0.0007 -94.4 -106.0 0.062 

26 48 -0.25 810.5 2.0 1505.8 190.9 2315.9 0.0 0.0000 125.9 126.4 0.002 

26 46 -0.72 810.5 2.0 1354.4 30.9 2169.3 1.8 0.0027 -20.6 -25.0 0.029 

26 45 0.95 810.5 2.0 1320.0 235.8 2131.7 0.0 0.0000 -58.3 -59.4 0.016 

25 48 -0.43 770.9 3.2 1505.8 190.9 2276.3 0.1 0.0001 86.4 86.8 0.005 

25 46 -2.69 770.9 3.2 1354.4 30.9 2128.8 1.0 0.0015 -61.1 -64.6 0.042 

25 45 5.02 770.9 3.2 1320.0 235.8 2091.8 0.2 0.0003 -98.1 -99.1 0.051 

25 43 -0.66 770.9 3.2 1296.8 56.7 2053.8 0.0 0.0000 -136.1 -122.3 0.005 

25 42 0.66 770.9 3.2 1266.0 3.4 2049.6 0.0 0.0000 -140.3 -153.0 0.004 

24 48 0.22 719.3 9.3 1505.8 190.9 2223.1 0.0 0.0000 33.2 35.1 0.006 

23 50 -0.62 713.2 15.9 1598.6 1.7 2315.7 0.0 0.0000 125.8 121.9 0.005 

23 49 -2.25 713.2 15.9 1573.4 1.9 2290.5 0.1 0.0001 100.5 96.7 0.023 

23 48 6.63 713.2 15.9 1505.8 190.9 2216.9 7.7 0.0114 27.0 29.1 0.228 

23 47 1.19 713.2 15.9 1429.0 2.4 2141.0 0.1 0.0001 -48.9 -47.8 0.025 

23 46 12.46 713.2 15.9 1354.4 30.9 2070.5 0.3 0.0004 -119.5 -122.3 0.102 

21 49 0.25 645.8 4.6 1573.4 1.9 2215.6 0.0 0.0000 25.7 29.3 0.009 

21 48 0.43 645.8 4.6 1505.8 190.9 2141.3 0.0 0.0001 -48.6 -38.3 0.011 

20 50 -0.22 640.0 1.1 1598.6 1.7 2246.0 0.0 0.0000 56.1 48.7 0.005 

20 49 -0.79 640.0 1.1 1573.4 1.9 2221.0 0.1 0.0001 31.1 23.5 0.034 

20 48 2.07 640.0 1.1 1505.8 190.9 2147.1 0.2 0.0004 -42.8 -44.1 0.047 

20 47 0.91 640.0 1.1 1429.0 2.4 2070.6 0.0 0.0001 -119.4 -121.0 0.007 

18 52 0.26 578.2 8.5 1726.0 85.0 2302.4 0.0 0.0000 112.5 114.3 0.002 

17 50 0.92 545.3 11.2 1598.6 1.7 2148.7 0.8 0.0012 -41.2 -46.0 0.020 

17 48 -0.55 545.3 11.2 1505.8 190.9 2049.3 0.0 0.0000 -140.7 -138.9 0.004 

15 52 0.25 513.8 10.4 1726.0 85.0 2240.9 0.0 0.0001 51.0 49.9 0.005 

14 50 -0.50 437.0 6.0 1598.6 1.7 2042.0 0.0 0.0000 -148.0 -154.4 0.003 

10 52 -0.31 329.3 3.7 1726.0 85.0 2055.0 0.1 0.0001 -134.9 -134.6 0.002 

6 54 -5.93 141.1 2.9 2189.9 676.4 2319.7 0.1 0.0001 129.8 141.1 0.042 

5 54 -3.57 124.7 5.8 2189.9 676.4 2295.3 0.3 0.0004 105.3 124.7 0.029 

2 54 -0.71 25.6 0.6 2189.9 676.4 2213.1 0.1 0.0002 23.1 25.6 0.028 

 

 

 

 

6-311G+(d,p) 

 

i j 
Kijk 

/ cm-1 
ω(i)   / 

cm-1 
I(i) / km 

mol-1 
ω(j)   / 

cm-1 
I(j) / km 

mol-1 
ω(ij)   / 

cm-1 
I(ij) / km 

mol-1 
I(ij) / 

I(k) 
∆ω’ ∆ω TFR 

39 39 -37.26 1130.6 27.9 1130.6 27.9 2304.0 13.8 0.0239 124.6 81.7 0.456 

38 38 -2.20 1152.2 4.6 1152.2 4.6 2279.1 0.4 0.0006 99.6 124.9 0.018 

37 37 -1.41 1118.3 79.7 1118.3 79.7 2299.2 0.0 0.0000 119.8 57.2 0.025 

36 36 -0.27 1082.8 18.3 1082.8 18.3 2169.4 0.4 0.0006 -10.1 -13.9 0.019 

35 35 -0.65 1035.8 3.2 1035.8 3.2 2069.4 0.1 0.0002 -110.0 -107.9 0.006 

34 34 0.48 1032.4 1.5 1032.4 1.5 2092.3 0.0 0.0001 -87.1 -114.6 0.004 

38 39 -1.82 1152.2 4.6 1130.6 27.9 2294.1 0.1 0.0002 114.6 103.3 0.018 

37 39 -0.81 1118.3 79.7 1130.6 27.9 2303.3 0.0 0.0001 123.8 69.5 0.012 

37 38 0.55 1118.3 79.7 1152.2 4.6 2289.1 0.3 0.0006 109.6 91.1 0.006 

36 41 0.44 1082.8 18.3 1190.8 20.5 2308.8 0.1 0.0001 129.3 94.1 0.005 

36 40 -0.85 1082.8 18.3 1329.2 6.5 2322.5 0.0 0.0000 143.1 232.5 0.004 

36 39 -2.84 1082.8 18.3 1130.6 27.9 2235.2 17.3 0.0300 55.8 33.9 0.084 

35 39 -0.41 1035.8 3.2 1130.6 27.9 2188.3 0.1 0.0001 8.9 -13.1 0.031 

35 38 0.66 1035.8 3.2 1152.2 4.6 2173.3 1.3 0.0023 -6.2 8.5 0.077 

35 37 -0.34 1035.8 3.2 1118.3 79.7 2183.1 0.5 0.0009 3.6 -25.3 0.014 
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i j 
Kijk 

/ cm-1 
ω(i)   / 

cm-1 
I(i) / km 

mol-1 
ω(j)   / 

cm-1 
I(j) / km 

mol-1 
ω(ij)   / 

cm-1 
I(ij) / km 

mol-1 
I(ij) / 

I(k) 
∆ω’ ∆ω TFR 

34 41 -0.33 1032.4 1.5 1190.8 20.5 2273.7 0.0 0.0000 94.2 43.8 0.007 

34 40 0.92 1032.4 1.5 1329.2 6.5 2289.2 18.8 0.0327 109.7 182.1 0.005 

34 39 2.77 1032.4 1.5 1130.6 27.9 2199.9 0.7 0.0013 20.4 -16.4 0.169 

34 37 -0.69 1032.4 1.5 1118.3 79.7 2196.5 0.0 0.0001 17.0 -28.7 0.024 

33 45 -0.40 952.3 0.2 1316.9 205.5 2276.4 0.0 0.0000 97.0 89.6 0.004 

33 39 0.25 952.3 0.2 1130.6 27.9 2102.6 0.0 0.0000 -76.8 -96.6 0.003 

31 44 -0.48 947.6 3.2 1390.3 201.4 2316.2 0.0 0.0001 136.7 158.4 0.003 

31 43 -0.56 947.6 3.2 1311.4 4.7 2261.5 0.4 0.0006 82.0 79.6 0.007 

31 42 0.82 947.6 3.2 1294.6 121.3 2239.3 0.1 0.0002 59.9 62.8 0.013 

31 41 0.22 947.6 3.2 1190.8 20.5 2171.1 0.3 0.0006 -8.3 -41.0 0.005 

31 40 -0.41 947.6 3.2 1329.2 6.5 2186.5 0.0 0.0000 7.0 97.3 0.004 

31 39 -1.22 947.6 3.2 1130.6 27.9 2099.2 0.0 0.0000 -80.3 -101.2 0.012 

30 45 0.43 931.2 7.2 1316.9 205.5 2261.8 0.0 0.0000 82.4 68.6 0.006 

30 44 0.23 931.2 7.2 1390.3 201.4 2307.4 0.0 0.0000 127.9 142.0 0.002 

30 39 0.29 931.2 7.2 1130.6 27.9 2088.6 0.0 0.0000 -90.8 -117.6 0.002 

29 46 -0.45 848.8 79.8 1353.4 37.3 2200.7 0.1 0.0002 21.2 22.7 0.020 

29 45 2.10 848.8 79.8 1316.9 205.5 2164.1 2.7 0.0047 -15.3 -13.9 0.151 

29 43 -0.31 848.8 79.8 1311.4 4.7 2156.1 0.1 0.0001 -23.4 -19.3 0.016 

29 42 0.30 848.8 79.8 1294.6 121.3 2132.3 0.0 0.0000 -47.1 -36.1 0.008 

28 46 -0.53 823.6 13.8 1353.4 37.3 2193.3 0.2 0.0003 13.8 -2.4 0.218 

28 45 1.85 823.6 13.8 1316.9 205.5 2156.8 0.8 0.0015 -22.7 -39.0 0.047 

28 40 -0.23 823.6 13.8 1329.2 6.5 2071.2 0.0 0.0000 -108.3 -26.7 0.009 

27 46 14.69 822.7 6.6 1353.4 37.3 2188.4 281.5 0.4893 9.0 -3.4 4.342 

27 45 -59.05 822.7 6.6 1316.9 205.5 2133.0 165.4 0.2874 -46.5 -39.9 1.479 

27 44 -0.74 822.7 6.6 1390.3 201.4 2193.0 0.0 0.0000 13.5 33.5 0.022 

27 43 5.21 822.7 6.6 1311.4 4.7 2139.5 0.5 0.0008 -40.0 -45.4 0.115 

27 42 -8.76 822.7 6.6 1294.6 121.3 2115.2 1.2 0.0020 -64.2 -62.1 0.141 

27 41 -1.28 822.7 6.6 1190.8 20.5 2049.2 0.0 0.0000 -130.2 -166.0 0.008 

27 40 5.57 822.7 6.6 1329.2 6.5 2064.0 0.0 0.0001 -115.5 -27.6 0.202 

26 47 0.22 800.3 1.5 1440.3 41.5 2249.8 0.1 0.0001 70.3 61.1 0.004 

26 46 0.72 800.3 1.5 1353.4 37.3 2166.4 4.4 0.0076 -13.0 -25.8 0.028 

26 45 -4.17 800.3 1.5 1316.9 205.5 2130.1 1.5 0.0025 -49.4 -62.3 0.067 

26 43 0.29 800.3 1.5 1311.4 4.7 2121.1 0.0 0.0000 -58.4 -67.8 0.004 

26 42 -0.59 800.3 1.5 1294.6 121.3 2096.3 0.0 0.0000 -83.1 -84.5 0.007 

26 40 0.44 800.3 1.5 1329.2 6.5 2047.3 0.0 0.0000 -132.2 -50.0 0.009 

25 48 -0.28 770.4 2.7 1534.6 101.6 2301.3 0.0 0.0001 121.9 125.6 0.002 

25 46 -1.95 770.4 2.7 1353.4 37.3 2132.6 0.8 0.0014 -46.9 -55.6 0.035 

25 45 3.98 770.4 2.7 1316.9 205.5 2096.7 0.2 0.0003 -82.7 -92.2 0.043 

25 43 -0.41 770.4 2.7 1311.4 4.7 2087.3 0.0 0.0000 -92.2 -97.6 0.004 

25 42 0.68 770.4 2.7 1294.6 121.3 2064.9 0.0 0.0000 -114.6 -114.4 0.006 

24 48 0.25 726.7 7.3 1534.6 101.6 2256.4 0.0 0.0000 76.9 81.9 0.003 

24 45 -0.66 726.7 7.3 1316.9 205.5 2052.6 0.1 0.0001 -126.9 -135.9 0.005 

24 43 0.25 726.7 7.3 1311.4 4.7 2043.9 0.0 0.0000 -135.5 -141.3 0.002 

23 49 -2.42 732.0 5.5 1582.6 5.7 2312.9 0.1 0.0002 133.5 135.1 0.018 

23 48 6.54 732.0 5.5 1534.6 101.6 2260.8 5.4 0.0093 81.3 87.1 0.075 

23 47 1.17 732.0 5.5 1440.3 41.5 2175.3 0.1 0.0002 -4.1 -7.2 0.162 

23 46 10.51 732.0 5.5 1353.4 37.3 2092.4 0.3 0.0005 -87.1 -94.1 0.112 

23 45 -41.22 732.0 5.5 1316.9 205.5 2051.3 7.2 0.0125 -128.2 -130.7 0.315 

23 44 -0.35 732.0 5.5 1390.3 201.4 2100.8 0.0 0.0000 -78.6 -57.2 0.006 

23 43 4.88 732.0 5.5 1311.4 4.7 2047.4 0.2 0.0003 -132.0 -136.1 0.036 

21 49 0.24 651.4 3.3 1582.6 5.7 2235.0 0.0 0.0000 55.5 54.5 0.004 

21 48 0.46 651.4 3.3 1534.6 101.6 2181.4 0.0 0.0001 1.9 6.5 0.071 

21 47 0.25 651.4 3.3 1440.3 41.5 2095.5 0.1 0.0001 -84.0 -87.8 0.003 

20 49 0.92 646.3 1.7 1582.6 5.7 2230.3 0.1 0.0001 50.8 49.4 0.019 

20 48 -2.23 646.3 1.7 1534.6 101.6 2177.0 0.5 0.0008 -2.4 1.5 1.523 

20 47 -0.88 646.3 1.7 1440.3 41.5 2090.8 0.0 0.0001 -88.7 -92.9 0.009 
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i j 
Kijk 

/ cm-1 
ω(i)   / 

cm-1 
I(i) / km 

mol-1 
ω(j)   / 

cm-1 
I(j) / km 

mol-1 
ω(ij)   / 

cm-1 
I(ij) / km 

mol-1 
I(ij) / 

I(k) 
∆ω’ ∆ω TFR 

19 49 -0.23 625.8 0.5 1582.6 5.7 2210.1 0.0 0.0000 30.7 29.0 0.008 

17 50 0.81 548.8 12.6 1605.6 5.9 2152.2 0.8 0.0013 -27.2 -25.1 0.032 

17 48 -0.84 548.8 12.6 1534.6 101.6 2079.3 0.1 0.0001 -100.2 -96.1 0.009 

15 52 0.29 513.6 12.2 1707.7 688.2 2225.9 0.0 0.0001 46.4 41.8 0.007 

14 53 0.26 460.8 0.5 1775.7 0.5 2242.8 0.0 0.0000 63.3 57.0 0.004 

14 50 0.31 460.8 0.5 1605.6 5.9 2064.8 0.0 0.0000 -114.7 -113.0 0.003 

14 49 1.51 460.8 0.5 1582.6 5.7 2044.4 0.0 0.0001 -135.1 -136.0 0.011 

11 52 -0.33 370.6 0.9 1707.7 688.2 2078.5 0.1 0.0002 -101.0 -101.1 0.003 

1 54 1.32 21.7 0.5 2179.5 575.2 2189.8 1.8 0.0032 10.4 21.7 0.061 

 

 

 

6-311G++(d,p) 

 

i j 
Kijk 

/ cm-1 

ω(i)   / 

cm-1 

I(i) / km 

mol-1 

ω(j)   / 

cm-1 

I(j) / km 

mol-1 

ω(ij)   / 

cm-1 

I(ij) / km 

mol-1 

I(ij) / 

I(k) 
∆ω’ ∆ω TFR 

39 39 -37.25 1133.2 26.9 1133.2 26.9 2288.9 13.7 0.0223 110.3 87.8 0.424 

38 38 -2.20 1153.8 8.2 1153.8 8.2 2269.2 0.4 0.0006 90.6 129.0 0.017 

37 37 -1.41 1115.7 72.7 1115.7 72.7 2280.1 0.0 0.0000 101.5 52.8 0.027 

36 36 -0.27 1082.0 17.1 1082.0 17.1 2169.0 0.4 0.0006 -9.6 -14.6 0.019 

35 35 -0.65 1033.9 7.3 1033.9 7.3 2066.8 0.1 0.0002 -111.8 -110.8 0.006 

34 34 0.48 1032.7 3.6 1032.7 3.6 2075.6 0.0 0.0000 -103.0 -113.2 0.004 

38 39 -1.83 1153.8 8.2 1133.2 26.9 2281.5 0.1 0.0002 102.9 108.4 0.017 

37 39 -0.84 1115.7 72.7 1133.2 26.9 2286.0 0.0 0.0000 107.4 70.3 0.012 

37 38 0.54 1115.7 72.7 1153.8 8.2 2274.5 0.3 0.0005 95.9 90.9 0.006 

36 41 0.44 1082.0 17.1 1194.5 17.1 2301.0 0.1 0.0001 122.4 97.9 0.004 

36 40 -0.86 1082.0 17.1 1275.1 5.6 2308.9 0.0 0.0000 130.3 178.5 0.005 

36 39 -2.84 1082.0 17.1 1133.2 26.9 2227.5 17.4 0.0284 48.9 36.6 0.078 

35 42 -0.36 1033.9 7.3 1292.4 189.0 2327.6 0.2 0.0004 149.0 147.7 0.002 

35 39 -0.41 1033.9 7.3 1133.2 26.9 2179.5 0.1 0.0001 0.9 -11.5 0.036 

35 38 0.66 1033.9 7.3 1153.8 8.2 2167.1 1.3 0.0022 -11.5 9.1 0.072 

35 37 -0.34 1033.9 7.3 1115.7 72.7 2172.2 0.5 0.0009 -6.4 -29.0 0.012 

34 42 0.81 1032.7 3.6 1292.4 189.0 2328.5 0.0 0.0000 149.9 146.5 0.006 

34 41 -0.32 1032.7 3.6 1194.5 17.1 2257.7 0.0 0.0000 79.1 48.6 0.007 

34 40 0.92 1032.7 3.6 1275.1 5.6 2267.3 16.6 0.0270 88.7 129.2 0.007 

34 39 2.76 1032.7 3.6 1133.2 26.9 2183.8 0.7 0.0012 5.3 -12.7 0.218 

34 37 -0.69 1032.7 3.6 1115.7 72.7 2178.4 0.0 0.0001 -0.2 -30.2 0.023 

33 45 -0.42 955.2 3.5 1320.9 213.4 2265.4 0.0 0.0000 86.9 97.6 0.004 

33 39 0.26 955.2 3.5 1133.2 26.9 2087.1 0.0 0.0000 -91.5 -90.2 0.003 

31 44 -0.50 944.7 2.7 1374.6 36.1 2300.9 0.0 0.0001 122.3 140.7 0.004 

31 43 -0.57 944.7 2.7 1310.9 3.0 2257.4 0.4 0.0006 78.9 77.0 0.007 

31 42 0.84 944.7 2.7 1292.4 189.0 2236.7 0.1 0.0002 58.1 58.5 0.014 

31 41 0.21 944.7 2.7 1194.5 17.1 2162.0 0.3 0.0005 -16.6 -39.4 0.005 

31 40 -0.42 944.7 2.7 1275.1 5.6 2171.6 0.0 0.0000 -6.9 41.2 0.010 

31 39 -1.24 944.7 2.7 1133.2 26.9 2090.1 0.0 0.0000 -88.5 -100.7 0.012 

30 45 0.41 899.0 1.8 1320.9 213.4 2235.4 0.0 0.0000 56.8 41.4 0.010 

30 37 -0.23 899.0 1.8 1115.7 72.7 2051.0 0.1 0.0001 -127.6 -163.9 0.001 

29 46 -0.47 847.1 74.2 1350.4 2.2 2189.5 0.1 0.0002 10.9 18.9 0.025 

29 45 2.18 847.1 74.2 1320.9 213.4 2152.0 2.9 0.0047 -26.6 -10.5 0.206 

29 43 -0.32 847.1 74.2 1310.9 3.0 2144.8 0.1 0.0001 -33.8 -20.6 0.016 

29 42 0.31 847.1 74.2 1292.4 189.0 2122.2 0.0 0.0000 -56.3 -39.1 0.008 

28 46 -0.53 825.0 8.2 1350.4 2.2 2192.2 0.2 0.0003 13.6 -3.2 0.166 

28 45 1.85 825.0 8.2 1320.9 213.4 2154.9 0.8 0.0013 -23.7 -32.7 0.057 

28 42 0.22 825.0 8.2 1292.4 189.0 2125.6 0.0 0.0000 -53.0 -61.2 0.004 

28 40 -0.23 825.0 8.2 1275.1 5.6 2059.2 0.0 0.0000 -119.4 -78.5 0.003 
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i j 
Kijk 

/ cm-1 
ω(i)   / 

cm-1 
I(i) / km 

mol-1 
ω(j)   / 

cm-1 
I(j) / km 

mol-1 
ω(ij)   / 

cm-1 
I(ij) / km 

mol-1 
I(ij) / 

I(k) 
∆ω’ ∆ω TFR 

27 47 0.21 818.9 6.2 1437.1 10.6 2257.6 0.0 0.0001 79.0 77.4 0.003 

27 46 14.61 818.9 6.2 1350.4 2.2 2182.8 281.2 0.4579 4.2 -9.3 1.571 

27 45 -58.96 818.9 6.2 1320.9 213.4 2128.5 126.0 0.2051 -50.1 -38.8 1.520 

27 44 -0.65 818.9 6.2 1374.6 36.1 2175.5 0.0 0.0000 -3.1 14.9 0.043 

27 43 5.20 818.9 6.2 1310.9 3.0 2133.8 0.5 0.0008 -44.8 -48.8 0.107 

27 42 -8.80 818.9 6.2 1292.4 189.0 2110.8 1.2 0.0019 -67.8 -67.3 0.131 

27 41 -1.26 818.9 6.2 1194.5 17.1 2038.3 0.0 0.0000 -140.3 -165.2 0.008 

27 40 5.59 818.9 6.2 1275.1 5.6 2047.0 0.0 0.0001 -131.6 -84.6 0.066 

26 48 0.43 755.5 10.8 1524.7 142.5 2287.6 0.0 0.0000 109.0 101.6 0.004 

26 47 0.23 755.5 10.8 1437.1 10.6 2205.3 0.1 0.0001 26.7 14.0 0.016 

26 46 0.86 755.5 10.8 1350.4 2.2 2126.4 5.4 0.0088 -52.2 -72.7 0.012 

26 45 -4.74 755.5 10.8 1320.9 213.4 2088.9 1.8 0.0030 -89.7 -102.2 0.046 

26 43 0.34 755.5 10.8 1310.9 3.0 2080.8 0.0 0.0000 -97.7 -112.2 0.003 

26 42 -0.67 755.5 10.8 1292.4 189.0 2057.4 0.0 0.0000 -121.2 -130.8 0.005 

25 48 -0.28 770.8 2.7 1524.7 142.5 2293.2 0.0 0.0001 114.7 116.9 0.002 

25 46 -1.94 770.8 2.7 1350.4 2.2 2130.7 0.8 0.0013 -47.9 -57.4 0.034 

25 45 3.96 770.8 2.7 1320.9 213.4 2094.0 0.2 0.0003 -84.5 -86.9 0.046 

25 43 -0.40 770.8 2.7 1310.9 3.0 2085.2 0.0 0.0000 -93.4 -96.9 0.004 

25 42 0.68 770.8 2.7 1292.4 189.0 2064.2 0.0 0.0000 -114.4 -115.4 0.006 

24 48 0.23 720.6 4.7 1524.7 142.5 2241.8 0.0 0.0000 63.2 66.7 0.003 

24 45 -0.46 720.6 4.7 1320.9 213.4 2043.4 0.1 0.0001 -135.2 -137.0 0.003 

23 50 -0.39 720.4 3.6 1601.3 3.9 2324.5 0.0 0.0000 145.9 143.1 0.003 

23 49 -2.42 720.4 3.6 1578.6 5.4 2304.0 0.1 0.0001 125.4 120.5 0.020 

23 48 6.53 720.4 3.6 1524.7 142.5 2246.6 5.4 0.0087 68.0 66.5 0.098 

23 47 1.19 720.4 3.6 1437.1 10.6 2163.6 0.1 0.0002 -15.0 -21.0 0.057 

23 46 10.47 720.4 3.6 1350.4 2.2 2084.6 0.3 0.0005 -94.0 -107.7 0.097 

23 45 -41.22 720.4 3.6 1320.9 213.4 2042.7 7.1 0.0116 -135.9 -137.2 0.300 

23 44 -0.28 720.4 3.6 1374.6 36.1 2081.1 0.0 0.0000 -97.5 -83.6 0.003 

23 43 4.87 720.4 3.6 1310.9 3.0 2039.5 0.2 0.0002 -139.1 -147.2 0.033 

21 49 0.23 652.1 3.3 1578.6 5.4 2232.3 0.0 0.0000 53.7 52.1 0.004 

21 48 0.48 652.1 3.3 1524.7 142.5 2173.7 0.1 0.0001 -4.9 -1.8 0.263 

21 47 0.25 652.1 3.3 1437.1 10.6 2090.2 0.1 0.0001 -88.4 -89.4 0.003 

20 49 0.92 645.4 1.5 1578.6 5.4 2225.9 0.1 0.0001 47.3 45.4 0.020 

20 48 -2.23 645.4 1.5 1524.7 142.5 2167.7 0.5 0.0008 -10.9 -8.5 0.262 

20 47 -0.88 645.4 1.5 1437.1 10.6 2083.8 0.0 0.0001 -94.8 -96.1 0.009 

19 49 -0.23 627.0 0.5 1578.6 5.4 2207.9 0.0 0.0000 29.3 27.0 0.009 

17 50 0.81 548.6 12.0 1601.3 3.9 2149.5 0.8 0.0013 -29.1 -28.7 0.028 

17 48 -0.84 548.6 12.0 1524.7 142.5 2070.7 0.1 0.0001 -107.9 -105.3 0.008 

15 52 0.29 493.7 15.6 1707.6 664.3 2215.8 0.0 0.0001 37.2 22.7 0.013 

14 53 0.25 454.1 0.2 1774.5 0.4 2236.5 0.0 0.0000 57.9 50.0 0.005 

14 50 0.30 454.1 0.2 1601.3 3.9 2055.8 0.0 0.0000 -122.8 -123.2 0.002 

14 49 1.51 454.1 0.2 1578.6 5.4 2034.6 0.0 0.0001 -144.0 -145.9 0.010 

11 52 -0.33 369.6 1.3 1707.6 664.3 2076.9 0.1 0.0002 -101.7 -101.4 0.003 

1 54 1.31 -1.7 0.1 2178.6 614.1 2165.7 1.8 0.0029 -12.9 -1.7 0.779 

             

 

6-311G++(df,pd) 

 

i j 
Kijk 

/ cm-1 

ω(i)   / 

cm-1 

I(i) / km 

mol-1 

ω(j)   / 

cm-1 

I(j) / km 

mol-1 

ω(ij)   / 

cm-1 

I(ij) / km 

mol-1 

I(ij) / 

I(k) 
∆ω’ ∆ω TFR 

39 39 37.90 1134.4 16.3 1134.4 16.3 2266.5 12.7 0.0178 89.4 91.7 0.413 

38 38 1.99 1126.8 20.2 1126.8 20.2 2256.4 0.2 0.0003 79.4 76.5 0.026 

37 37 1.65 1103.4 104.6 1103.4 104.6 2205.6 0.1 0.0001 28.6 29.8 0.055 

36 36 0.32 1085.4 16.9 1085.4 16.9 2176.1 0.4 0.0006 -0.9 -6.3 0.051 

35 35 0.68 1033.3 12.8 1033.3 12.8 2063.9 0.1 0.0002 -113.1 -110.4 0.006 
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i j 
Kijk 

/ cm-1 
ω(i)   / 

cm-1 
I(i) / km 

mol-1 
ω(j)   / 

cm-1 
I(j) / km 

mol-1 
ω(ij)   / 

cm-1 
I(ij) / km 

mol-1 
I(ij) / 

I(k) 
∆ω’ ∆ω TFR 

34 34 -0.52 1021.4 1.9 1021.4 1.9 2039.6 0.0 0.0000 -137.5 -134.3 0.004 

39 40 12.85 1134.4 16.3 1179.6 17.4 2313.3 1.5 0.0021 136.2 136.9 0.094 

38 40 0.60 1126.8 20.2 1179.6 17.4 2309.2 0.3 0.0004 132.1 129.3 0.005 

38 39 2.30 1126.8 20.2 1134.4 16.3 2262.7 0.1 0.0002 85.6 84.1 0.027 

37 39 0.90 1103.4 104.6 1134.4 16.3 2237.9 0.0 0.0001 60.8 60.7 0.015 

37 38 -0.64 1103.4 104.6 1126.8 20.2 2229.6 0.3 0.0005 52.5 53.2 0.012 

36 41 -0.42 1085.4 16.9 1202.0 2.1 2285.1 0.1 0.0001 108.1 110.3 0.004 

36 40 0.91 1085.4 16.9 1179.6 17.4 2263.9 0.0 0.0000 86.9 87.9 0.010 

36 39 3.09 1085.4 16.9 1134.4 16.3 2219.8 5.3 0.0075 42.7 42.7 0.072 

35 42 -0.41 1033.3 12.8 1290.5 60.3 2323.1 0.1 0.0001 146.1 146.7 0.003 

35 39 0.47 1033.3 12.8 1134.4 16.3 2167.1 0.1 0.0002 -10.0 -9.4 0.050 

35 38 -0.60 1033.3 12.8 1126.8 20.2 2159.1 1.1 0.0015 -18.0 -17.0 0.036 

35 37 0.48 1033.3 12.8 1103.4 104.6 2134.0 0.9 0.0013 -43.0 -40.3 0.012 

34 42 1.23 1021.4 1.9 1290.5 60.3 2307.4 0.0 0.0000 130.3 134.8 0.009 

34 41 0.24 1021.4 1.9 1202.0 2.1 2219.6 0.0 0.0000 42.6 46.3 0.005 

34 40 -0.80 1021.4 1.9 1179.6 17.4 2198.2 0.9 0.0012 21.1 23.9 0.034 

34 39 -2.54 1021.4 1.9 1134.4 16.3 2154.1 0.8 0.0012 -23.0 -21.3 0.119 

34 38 0.33 1021.4 1.9 1126.8 20.2 2148.0 0.0 0.0000 -29.0 -28.9 0.011 

34 37 0.65 1021.4 1.9 1103.4 104.6 2123.0 0.1 0.0001 -54.0 -52.3 0.012 

34 35 0.23 1021.4 1.9 1033.3 12.8 2052.4 0.0 0.0000 -124.7 -122.4 0.002 

33 45 -0.42 966.0 3.1 1315.1 174.2 2277.6 0.0 0.0000 100.5 104.1 0.004 

33 42 0.21 966.0 3.1 1290.5 60.3 2251.6 0.0 0.0000 74.6 79.4 0.003 

33 39 0.25 966.0 3.1 1134.4 16.3 2096.6 0.0 0.0000 -80.4 -76.7 0.003 

31 45 0.44 943.3 19.9 1315.1 174.2 2264.9 0.0 0.0000 87.8 81.4 0.005 

31 39 -0.25 943.3 19.9 1134.4 16.3 2083.6 0.0 0.0000 -93.5 -99.4 0.003 

31 37 -0.25 943.3 19.9 1103.4 104.6 2052.2 0.1 0.0001 -124.8 -130.3 0.002 

30 44 0.61 946.9 16.0 1317.1 8.3 2263.7 0.0 0.0000 86.6 87.0 0.007 

30 43 -0.37 946.9 16.0 1318.5 3.2 2262.7 0.4 0.0006 85.6 88.4 0.004 

30 42 -0.95 946.9 16.0 1290.5 60.3 2235.9 0.0 0.0001 58.8 60.3 0.016 

30 40 -0.41 946.9 16.0 1179.6 17.4 2125.4 0.0 0.0000 -51.7 -50.6 0.008 

30 39 -1.32 946.9 16.0 1134.4 16.3 2081.1 0.0 0.0000 -95.9 -95.8 0.014 

29 46 -0.33 844.5 24.7 1357.2 65.3 2198.7 0.1 0.0001 21.6 24.6 0.013 

29 45 1.64 844.5 24.7 1315.1 174.2 2153.1 12.3 0.0174 -24.0 -17.5 0.094 

29 42 -0.26 844.5 24.7 1290.5 60.3 2127.7 0.0 0.0000 -49.4 -42.1 0.006 

28 46 -0.53 820.3 86.0 1357.2 65.3 2181.0 0.1 0.0002 3.9 0.5 1.178 

28 45 1.82 820.3 86.0 1315.1 174.2 2135.8 1.7 0.0025 -41.3 -41.6 0.044 

27 48 6.06 809.2 5.4 1501.8 153.7 2316.2 1.5 0.0022 139.1 134.0 0.045 

27 46 14.51 809.2 5.4 1357.2 65.3 2180.1 187.9 0.2644 3.0 -10.6 1.366 

27 45 -57.06 809.2 5.4 1315.1 174.2 2120.9 87.8 0.1235 -56.2 -52.7 1.083 

27 43 2.98 809.2 5.4 1318.5 3.2 2134.8 0.2 0.0003 -42.3 -49.3 0.060 

27 42 8.56 809.2 5.4 1290.5 60.3 2104.9 1.2 0.0017 -72.2 -77.4 0.111 

26 46 3.67 832.1 11.8 1357.2 65.3 2190.4 17.4 0.0245 13.3 12.2 0.300 

26 45 -15.70 832.1 11.8 1315.1 174.2 2142.8 34.6 0.0487 -34.3 -29.9 0.525 

26 43 0.77 832.1 11.8 1318.5 3.2 2147.9 0.0 0.0000 -29.1 -26.5 0.029 

26 42 2.32 832.1 11.8 1290.5 60.3 2118.0 0.1 0.0001 -59.0 -54.5 0.043 

26 41 -0.33 832.1 11.8 1202.0 2.1 2029.2 0.0 0.0000 -147.8 -143.0 0.002 

25 48 -0.29 768.7 1.4 1501.8 153.7 2269.6 0.0 0.0000 92.5 93.5 0.003 

25 46 -2.01 768.7 1.4 1357.2 65.3 2129.1 0.9 0.0012 -47.9 -51.1 0.039 

25 45 4.10 768.7 1.4 1315.1 174.2 2084.4 0.2 0.0003 -92.7 -93.2 0.044 

25 43 -0.25 768.7 1.4 1318.5 3.2 2086.5 0.0 0.0000 -90.5 -89.8 0.003 

25 42 -0.71 768.7 1.4 1290.5 60.3 2059.2 0.0 0.0000 -117.8 -117.9 0.006 

24 45 -0.43 730.1 7.9 1315.1 174.2 2046.9 0.1 0.0001 -130.1 -131.8 0.003 

23 50 0.36 712.7 20.8 1597.1 9.3 2313.4 0.0 0.0000 136.4 132.7 0.003 

23 49 2.30 712.7 20.8 1575.3 6.0 2291.3 0.1 0.0001 114.2 110.9 0.021 

23 48 -6.41 712.7 20.8 1501.8 153.7 2214.0 3.2 0.0045 36.9 37.4 0.171 

23 47 -1.01 712.7 20.8 1424.7 2.5 2139.5 0.1 0.0002 -37.6 -39.7 0.025 
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i j 
Kijk 

/ cm-1 
ω(i)   / 

cm-1 
I(i) / km 

mol-1 
ω(j)   / 

cm-1 
I(j) / km 

mol-1 
ω(ij)   / 

cm-1 
I(ij) / km 

mol-1 
I(ij) / 

I(k) 
∆ω’ ∆ω TFR 

23 46 -10.76 712.7 20.8 1357.2 65.3 2075.0 0.4 0.0005 -102.1 -107.2 0.100 

23 44 0.26 712.7 20.8 1317.1 8.3 2030.4 0.0 0.0000 -146.7 -147.3 0.002 

23 43 -2.89 712.7 20.8 1318.5 3.2 2032.9 0.1 0.0001 -144.2 -145.9 0.020 

21 49 0.34 651.1 3.3 1575.3 6.0 2218.4 0.0 0.0000 41.4 49.3 0.007 

20 49 0.80 644.1 3.0 1575.3 6.0 2222.5 0.1 0.0001 45.5 42.4 0.019 

20 48 -2.19 644.1 3.0 1501.8 153.7 2145.3 0.7 0.0010 -31.8 -31.1 0.070 

20 47 -0.85 644.1 3.0 1424.7 2.5 2069.7 0.0 0.0000 -107.4 -108.3 0.008 

19 49 -0.24 599.2 5.0 1575.3 6.0 2187.3 0.0 0.0000 10.2 -2.5 0.093 

17 50 -0.81 552.9 9.0 1597.1 9.3 2152.4 0.9 0.0012 -24.7 -27.1 0.030 

17 48 0.77 552.9 9.0 1501.8 153.7 2052.3 0.1 0.0001 -124.7 -122.4 0.006 

15 52 0.25 509.1 10.1 1711.4 725.4 2255.2 0.0 0.0000 78.2 43.5 0.006 

14 53 -0.25 448.9 0.5 1770.6 0.6 2233.6 0.0 0.0000 56.5 42.4 0.006 

14 50 -0.33 448.9 0.5 1597.1 9.3 2047.8 0.0 0.0000 -129.3 -131.1 0.002 

11 52 -0.32 370.6 1.2 1711.4 725.4 2082.2 0.1 0.0001 -94.8 -95.1 0.003 

10 53 0.29 336.9 4.0 1770.6 0.6 2122.2 0.0 0.0000 -54.8 -69.6 0.004 

6 54 6.14 146.7 6.3 2177.1 710.8 2313.6 0.1 0.0002 136.5 146.7 0.042 

5 54 4.21 123.2 6.1 2177.1 710.8 2291.6 0.3 0.0005 114.5 123.2 0.034 

1 54 1.27 2.7 0.1 2177.1 710.8 2171.3 1.7 0.0024 -5.8 2.7 0.473 
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