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Preface 
 

Understanding chemical, biological or physical process lies in the heart of virtually any 

research of natural science. Because of complexity of present-day research topics, it is a 

rare problem of interest that does not occupy the attention of both experimental and 

theoretical chemists. The synergy between the theory and experiment has vastly 

accelerated progress in many areas. The tools of the computational chemistry, 

alternatively called theoretical chemistry or molecular modeling, are often required in the 

course of the investigation of many phenomena from various fields of the science. The 

range of systems that can be considered in molecular modeling is extremely broad; from 

isolated molecules through simple atomic and molecular liquids to polymers, biological 

macromolecules such as proteins and DNA and solids. 
 

During my PhD study I tried to use the tools of the computational chemistry in order to 

gain a better insight into the reaction mechanisms. I participated in a variety of projects 

from different fields of chemistry, hence having an excellent opportunity to apply 

theoretical calculations in many scientific problems and tasks. I present here two of my 

projects that involved methods from the “opposite corners” of the computational 

chemistry field. 

The first project focuses on the detailed study of the reaction mechanism of 

isothiocanates with acridin-9-ylmethylamine and cyclization of resulting thioureas using 

high level ab-initio quantum chemical methods. I tried to support the synthetic chemists 

with the calculations in order to provide them with the most probable reaction pathway.  

 

The second project concentrates on the structural properties of the modified DNA strand 

using molecular dynamics methods. The research group of Prof. Bernd Giese has been 

over last decade investigating the phenomena of charge transport in deoxyribonucleic 

acid (DNA). In this particular work, the research was focused on the investigation of 

negative charge transport (a single electron) through DNA double helix. Unexpected 

experimental results raised questions about the mechanism of this process. These 
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questions triggered a theoretical investigation of structural features of modified DNA 

double strand by means of molecular dynamics.   
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1 Unusual Spontaneous Spirocyclisation of Acridin-9-
ylmethyl thioureas 

 

1.1 Models 
 
All chemists use models. One possibility to define a model is: “Simplified or idealized 

description of a system or a process devised to facilitate calculations and predictions1”. 

Beginning chemistry students use plastic models to help them understand and visualize 

the structures of molecules. These structural models continue to play an important role 

both in teaching and research, but molecular modeling is also concerned with more 

abstract models, many of which have a distinguished history. Not all models are physical 

or pictorial objects. For example, the SN2 mechanism is a simple model for a particular 

class of reactions that successfully explains a lot of chemistry. In a similar way, 

computational chemistry describes chemical structures and reactions numerically, based 

in full or in part on the fundamental laws of physics. 

There is still some confusion over the meaning of the terms computational chemistry and 

molecular modeling.  Computational chemistry is a general term for methods employing 

the findings from quantum mechanics and classical mechanics for the simulation and 

prediction of the properties of molecular systems. Molecular modeling is in general more 

focused on the manipulation of the three-dimensional structures and deriving the 

properties that are dependent upon them. The significant part in molecular modeling 

plays the computer graphics. The development of computer graphics, together with new 

possibilities for visualization, facilitates the deeper and more importantly visual insight 

into the fundamentals of chemical reactions.  

 

There are many methods and techniques used to make predictions of structural and 

dynamical properties of the molecular systems. In principle, they can be divided 

into three main classes: molecular mechanics, molecular dynamics and methods based on 

quantum mechanics. 
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Methods of molecular mechanics ignore the electronic motions and calculate the energy 

of a system as a function of the nuclear positions only. Molecular mechanics is 

commonly used in simulations of systems containing large numbers of atoms due to the 

implication of rather simple functional forms and empirically obtained parameters. 

However, molecular mechanics cannot provide properties that depend upon the electron 

density in the molecule. 

In molecular dynamics time-dependent properties of the molecular system are simulated. 

The successive configurations of the system are generated by integrating Newton’s laws 

of motion. The result is a trajectory that specifies how the positions and velocities of the 

particles in the system vary with time. 

If one is interested in the properties that directly depend on the electronic distribution, the 

more general approach has to be used – quantum mechanics. Quantum mechanics 

explicitly represents the electrons in the calculation, and so it is possible to investigate 

e.g. chemical reactions in which bonds are broken and formed. There are number of 

quantum chemical theories for treating molecular systems. The one most widely used is 

molecular orbital theory. An ab initio approach will be discussed here.     

 

1.2 Ab Initio Methods 
 

Ab initio strictly means “from first principles”, which implies that calculations using such 

an approach requires as input only physical constants such as the speed of light, Planck’s 

constant, the masses of elementary particles, and so on. 

The core of quantum mechanics is the Schrödinger equation: 

 

ĤΨ = EΨ 

 

In this equation Ĥ is the Hamiltonian operator, which consists of kinetic and potential 

energy terms: kinetic energy of the nuclei, kinetic energy of the electrons, nuclear-nuclear 

repulsion, electron-electron repulsion and electron-nuclear attraction. 
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Schrödinger equation can be solved exactly only for a few problems, e.g. the particle in 

the box, the harmonic oscillator, H2
+ etc. For more complicated systems, the Schrödinger 

equation becomes extremely complicated and so some approximation needs to be made. 

The Born-Oppenheimer approximation is the assumption that the electronic motion and 

the nuclear motion in molecules can be separated. It leads to a molecular wave function 

in terms of electron positions and nuclear positions: 

 

ΨTOT(nuclei, electrons) = Ψ(electrons) Ψ(nuclei) 

 

The electronic wavefunction depends upon the nuclear positions but not upon their 

velocities, i.e., the nuclear motion is so much slower than electron motion that 

nuclei can be considered to be fixed. The total energy equals the sum of the 

nuclear energy (the electrostatic repulsion between the positively charged nuclei) 

and electronic energy. 

 

ETOT = E(nuclei) + E(electrons) 

 

For each arrangement of the nuclei (configuration) the Schrödinger equation is 

solved for the electrons in the field of nuclei – hence the electronic wavefunction 

is obtained (nuclear part was taken away): 

 

ĤeΨe = Ee Ψe 

 

Where Ĥe is the electronic Hamiltonian and can be written in the following form:  

 

Ĥe = Σ Ĥi
eff 

And Ĥi
eff  is one-electron Hamiltonian   

    

Another approximation is so called ‘orbital approximation’: the electrons are assigned 

to the certain regions of the space – spatial orbitals.  
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1.3 Basics and Mathematical Tools of Quantum Chemistry 
 

1.3.1 Hartree-Fock Methods 
 

The electronic Hamiltonian is composed of three terms: kinetic energy of electrons 

Te, electrostatic interaction between the nucleus and the electrons Vne and the 

repulsion between the electrons Vee: 

 

Ĥe = Te + Vee +  Vne 

 

The last term dependens on the coordinates of two electrons at the same time, which a 

very limiting fact in the practical calculations and can be accepted only for small 

systems: 

 

Ĥe = Ĥ1 + Ĥ2 = Σ(Ĥr
core + Ĥee ) = Σ(Tr + Vr) + ∑∑

< ji ijr
1  

The most computationally demanding part is the electron-electron interaction. To 

tackle this problem the approximation of independent particles is applied. Then only 

the interaction of the electron with an average electron cloud is considered: 

 

∑=
n

i
av.
iV̂2Η̂  

 

The Schrödinger equation, originally dependent on the coordinates of electrons x1, 

x2…xi, is thus reduced to the set of equations: 
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where iF̂ is called the Fock operator and wavefunctions iΦ  one-electron spin orbitals. 

The Fock operator is an effective one-electron Hamiltonian for the electron i in the poly-

electronic system. Hartree-Fock equations are of third order in the coefficients iε , and 

can be iteratively solved to self consistency (Self Consistent Field SCF). One way to 

solve these equations is as follows. First, a set of trial solutions are obtained (for example 

by assuming that the electron density = 0, thus all coefficients are zero). This reduces the 

problem to a one electron problem (Hückel type), which is easy to solve. Then these 

coefficients are use to build the Fock operator F̂, with which the system of linear 

equations is solved to get a new solution (a new electric field). This procedure is repeated 

until the solution is not longer changing. The SCF method thus gradually refines the 

individual electronic solutions until the point is reached at which the result for all 

electrons is unchanged, when they are said to be self-consistent.   

One important feature of the SCF method is that if fulfills the so called variational 

theorem. Let us imagine an exact wavefunction Ψ0 with corresponding energy E0. The 

theorem states that the energy calculated from an approximation to the true wavefunction 

will always be greater than the true energy E ≥ E0. The consequence of the variational 

theorem is that the lower energy corresponds to the better approximation to the ‘exact’ 

wavefunction. The energy minimization is equivalent to the optimization of the 

wavefunction. 

In many cases it is convenient to imply the restriction that the doubly occupied orbitals 

use the same spatial functions for electrons of both α and β spin. This

approach is called spin-restricted Hartree-Fock theory (RHF). An alternative approach is 

the spin-unrestricted Hartree-Fock (UHF) theory of Pople and Nesbet, which uses two 

distinct sets of molecular orbitals: one for electrons of spin α and the other for electrons 

of spin β. UHF method is thus more general and we can say that RHF is its special case. 
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In practical calculations RHF is used for simulations of closed-shell and UHF of open-

shell systems.  

 

1.3.2 Linear Combination of Atomic Orbitals (LCAO)  
 

To get the orbitals that give a Slater determinant with the lowest energy we have to solve 

the Fock equation. That is a partial differential equation, and these are generally 

extremely hard to solve. Fortunately, it is possible to turn the Fock equation into a 

(generalized) matrix eigenvalue equation. Such equations are relatively easy to solve with 

standard techniques from numerical mathematics. The way to turn the Fock equation into 

a matrix eigenvalue equation is to write the orbitals as a linear combination of known 

functions (single electron orbitals): 

 

∑
=

=
N

1µ µiµci φϕ  

 

The one-electron orbitals φµ  are called basis functions and often correspond to the atomic 

orbitals. Because the atomic orbitals are put in the linear combination the procedure is 

called the Linear Combination of Atomic Orbitals (LCAO) approximation. By taking 

more atomic orbitals in the linear combination the approximation can be made better. The 

smallest number of basis functions for the molecular system will be that which can just 

accommodate all electrons in the molecule. More sophisticated calculations use more 

basis functions than a minimal set.  

We can write Hartree-Fock equations under the LCAO theory in the following form: 

 

∑=∑
ν µννεµνν ν SiciFic  

 

Sµν is the overlap integral:  

νµνµµνS == ϕϕ  
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and the elements of the Fock matrix:  

 

( ) ( )⎥⎦
⎤

⎢⎣
⎡ −∑+== νσµλ

2
1λσµν

σλ, λσPν1ĤµνF̂µµνF  

λσP is the electron density matrix: 

 

iσc
occ.

i iλc2λσP ∑=  

  

The evaluation of two-electron orbitals is computationally very demanding and poses the 

greatest limitation in the use of ab initio Hartree-Fock methods. To carry out a calculation 

on the reasonably high level requires great numbers of basis functions be used. The 

number of two-electron integrals scales approximately with fourth power of the number 

of basis functions. The calculation of these integrals is not just very time-consuming but 

also consumes a considerable storage capacity. This problem can be significantly reduced 

using so called direct-SCF method. The integrals are not stored on the hard drive but are 

calculated according to the instantaneous needs. The advantage of such an approach is 

that cpu’s of the modern computers are very fast while I/O operations take usually much 

more time. Direct-SCF thus became often the only practical solution on the less powerful 

workstations. 

 

1.3.3 Basis Sets 
 
The basis sets most commonly used in the quantum mechanical calculations are 

composed of atomic functions (close to atomic orbitals). The radial part of such functions 

is exponentially decaying function and such functions are called Slater type orbitals 

(STO): 

 

( ) αre.r −= cϕ  

 



Basics and Mathematical Tools of Quantum Chemistry 
    

10

Unfortunately, Slater functions are not particularly suitable for implementation in 

practical calculations. It is common in ab initio calculations to replace Slater orbitals by 

Gaussian functions which have the form: 

 

( )
2αrer −=ϕ  

 

 

α determines the radial extent (‘spread’) of a Gaussian function, r is the distance from the 

nucleus. 

It has been found that replacing a single Slater type orbital with a single Gaussian 

function leads to large errors. To tackle this problem, each atomic orbital is represented 

as a linear combination of Gaussian functions. At least three Gaussian functions are 

required to properly represent each Slater type orbital and so the STO-3G basis set is the 

minimum that is recommended for ab initio calculations. For example, STO-3G has the 

following form: 

 
2

3
2

2
2

1 ... 321
xxx ecececf ααα −−− ++=  

 

 

STO-3G modeled by 3 Gaussian functions 
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A Gaussian expansion contains two parameters: coefficients ci and exponents αi. The 

most flexible way to use Gaussian functions in ab initio calculation permits both of these 

parameters to vary during the calculation. Such a calculation is said to use uncontracted 

or primitive Gaussians. However, calculations with primitive Gaussians are 

computationally very demanding and so basis sets that with contracted Gaussian 

functions are most commonly used. In contracted function the contraction coefficients 

and exponents are pre-determined and remain constant during the calculation. Let us 

assume the following wavefunction (molecular orbital): 

 

77332211 ..... ϕϕϕϕψ cccc +++=  

 

In the contracted scheme: 

 

7366552443322111 ).().( ϕϕκϕκϕκϕκϕκϕκψ ccc ++++++=  

contraction            contraction 

 

ic are variables, iϕ  primitive functions, iκ coefficients which are kept constant. The 

advantage of this approach is based on the reduced number of coefficients to be 

optimized during the SCF cycle. As can be easily seen in this example the number of 

variables was reduced from seven to three. 

In a minimal basis set representation every atomic orbital is described by only one basis   

function (contraction). Thus for hydrogen, the minimal basis set is just one 1s orbital. For 

carbon, the minimal basis set consists of a 1s orbital, a 2s orbital and the full set of three 

2p orbitals. 

Quantum chemists devised a short-hand notation schemes to denote the basis sets used in 

ab initio calculations. The most common is the notation devised by Pople and co-

workers. The STO-3G, STO-4G, etc (in general STO-nG) are minimal basis sets with n 

Gaussian function used to represent each orbital (n Gaussian functions contracted = 1 

STO ⇒ 1 contraction of Gaussian functions).  The Pople basis sets are exactly defined 

and all exponents and contraction coefficients are published in the literature. The minimal 

basis sets have several drawbacks. With the mimal basis sets, we approximated all 
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orbitals to be of the same shape, which does not reflect the reality. Double-zeta basis set 

is important because it allows us to treat each orbital separately when we conduct the 

Hartree-Fock calculation. This gives us a more accurate representation of each orbital. In 

order to do this, each atomic orbital is expressed as the sum of two Slater-type orbitals 

(STOs) ( two functions for H or He, ten functions for Li to Ne and so on).  

 

 

 

Often it takes too much effort to calculate a double-zeta for every orbital. Instead, a 

simplification is applied by calculating a double-zeta only for the valence orbital. Since 

the inner-shell electrons are not so vital for the calculation (or chemical process), they are 

described with a single Slater Orbital. This method is called a split-valence basis set. A 

few examples of common split-valence basis sets are 3-21G, 4-31G, and 6-31G. 

 

For example, the notation 6-31G means: the inner shells are represented by 1 contraction 

constructed from 6 primitives and the valence shell is represented by double zeta with an 

“inner” contraction constructed from 3 and an “outer” constructed from 1 primitive. 

 

The number of gaussian 
functions in contraction 
for inner electrons

The number of gaussian
functions that commprise 
the first STO from the double zeta

The number of gaussian
functions that summed in
the second STO 

6- 31G
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The electron cloud of an atom in the molecule is usually perturbed in comparison with 

the isolated atom. The most common solution to this problem is to introduce polarization 

functions into the basis set. The polarization function have a higher angular quantum 

number and so correspond to p orbitals for hydrogen and d orbitals for the first- and 

second-row elements. The use of polarization functions is indicated by an asterisk (*).For 

example 6-31G* refers to 6-31G basis set with polarization functions on the heavy (non-

hydrogen) atoms. 6-31G** indicates polarization functions on heavy atoms and hydrogen 

or helium. 

To properly describe the species such as anions and molecules containing lone pairs, 

additional diffuse functions are used. These basis sets are denoted ‘+’; thus 6-31+G 

contains an additional single set of diffuse s-and p-type Gaussian functions. 6-31++G 

indicates diffuse functions included for hydrogen as well as for heavy atoms. 

 

 

1.3.4 Limits of the Hartree-Fock Methods. Electron Correlation. 
 

The most significant drawback of the Hartree-Fock theory is that it fails to adequately 

represent electron correlation. The SCF method assumes electrons moving in the average 

field formed by other electrons, and so the instantaneous position of an electron is not 

influenced by neighboring electrons. In fact, electrons “tend to avoid each other” giving 

rise to a lower energy of the system. The difference between an exact and Hartree-Fock 

energy is the correlation energy:  

 

Ecorrel. = Eexact. – EHF < 0 

 

   Several methods have been developed that attempt to calculate the correlation energy 

after the Hartree-Fock calculation. Some examples are the Moller-Plesset perturbation 

theory (MPn), Configuration interaction (CI), Multiconfiguration SCF (MSSCF) and so 

on. These methods are particularly important in the systems with unpaired electrons, 

electron correlation is crucial in the study of dispersive effects, which play a mayor role 

in intermolecular interactions. On the other hand, Hartree-Fock geometries and relative 
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energies for equilibrium structures are often in good agreement with experiment as many 

molecular modeling applications are concerned species at equilibrium and it might be 

considered that correlation effects are not so important. I will not go into details about 

correlation methods since this topic is far behind the scope of this thesis and I have not 

used them in my practical calculations. 

 

1.4 Methods Used for Exploring the Energy Surface. 
 

The potential energy of the molecular system is a multidimensional function of 

coordinates. For a system with N atoms the energy is a function of 3N-6 internal or 3N 

Cartesian coordinates. A geometric hypersurface on which the potential energy of a set of 

reactants is plotted as a function of the coordinates representing the molecular geometries 

of the system is known as Potential-energy (reaction) surface (PES). Computational 

chemists are usually interested in stationary point on the PES –minium and saddle points. 

Minimum points correspond to the stable states of the system. The highest point on the 

pathway between two minima is known as a saddle point, with the arrangement of atoms 

being the transition structure. There may be a very large number of minima on the PES, 

the minimum with the lowest energy is known as the global minimum. 

 

  

A reaction path simulation usually consists of four subsequent steps: 

1. Localization of the minimum points on the PES 

2. Search for the transition state candidate 

3. Localization of the saddle point and its verification 

4. IRC calculation 

 

1.4.1 Energy Minimization Methods 
 
To find minimum points on the PES we use a minimization algorithm which for a given 

function F=f(x1, x2,...,xi) tries to finds the values of variables xi where F  has a minimum 

value. At a minimum point the first derivate of the function with respect to all variables is 
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zero and the second derivates are all positive. The minimization methods fall into two 

categories: those which use derivates of the energy with respect to the coordinates and 

those which do not. The derivative methods are most commonly used, because 

derivations provide information about the shape of the energy surface, the magnitude of 

the first derivation of the energy (gradient) is related to the steepness of the local 

curvature and the direction of the gradient indicates where the minimum lies. During the 

minimisation procedure is the energy of the system lowered by moving each atom in 

response to the force acting on it (force = minus the gradient). The derivative methods 

can be classified according to the highest-order derivative used: 

a) first-order methods use the first derivates (gradients) 

b) second-order use both first and second derivates 

The most frequently first-order minimization algorithms are the method of steepest 

descent and the conjugate gradient method. These methods use the gradient information 

to determine the direction of the next step and so gradually move atoms towards the 

minimum. 

The second-order methods use not only the first derivates but also the second derivates to 

locate the minimum. The simplest second-order method is the Newton-Raphson method: 

 

)().( 0
1

00
* xfxfxx −′′′−=  

 

where )( 0
1 xf −′′  is the inverse Hessian matrix (matrix of second derivates), which in the 

Newton-Raphson Method must be inverted. This can be computationally demanding with 

many atoms and so the Newton-Raphson method is suited for small molecules (less than 

100 atoms). There are many variations on the Newton-Raphson method which aim to 

eliminate the need to calculate the full matrix of second derivates. Families of methods 

called Quasi-Newton require only first derivates and gradually construct the inverse 

Hessian matrix as the calculation proceeds.  

Most of the modern programs today use the combination of the first and second-order 

minimization methods in order to speed up the calculation. Far from the minimum the 

more robust first-order method (e.g. steepest descent, conjugate gradient) is used while 

close to the minimum more precise second-order method is applied. 
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1.4.2 Determination of Transition States 
 
To investigate the reaction kinetics it is necessary to explore the nature of the energy 

surface away from the minimum points. As the system moves from one minimum to 

another, the energy increases to a maximum at the transition structure and than falls. In 

the saddle points energy passes through a maximum for movement along the pathway 

that connects the two minima, but is a maximum for displacement in all other directions 

perpendicular to the path.   

 At the saddle point the first derivates of the potential function with respect to the 

coordinates are all zero. The located saddle points are usually verified by frequency 

calculation, result of which is so called Hessian – the matrix of second derivates of 

energy with respect to all coordinates. The number of negative eigenvalues in the Hessian 

matrix determines the order of the saddle point; nth-order saddle point has n negative 

eigenvalues. The Hessian matrix of the ‘true’ saddle point must contain one and only one 

negative eigenvalue, which is usually referred as ‘imaginary’ frequency.  

 

   

 



Methods Used for Exploring the Energy Surface. 
    

17

 

Methods for locating saddle points are usually most effective when the input structure is 

as close as possible to the transition structure so it is very important to find a reasonable 

starting structure, where is the highest probability of finding the desired transition state. 

This process depends mostly on the experiences and 

chemical intuition of the researcher – that is why the transition state search is often called 

the ‘black art’. 

 

1.4.3 Reaction Path Following 
 
The intrinsic reaction coordinate (IRC)2, 3 calculation is commonly used to confirm that 

the saddle point indeed connects the corresponding minima. It simulates the path that 

would be followed by a particle moving along the steepest descent path with an infinitely 

small step from the transition structure down to each minimum. The initial directions are 

obtained from the eigenvector that corresponds to the imaginary frequency at the 

transition structure.   

 

1.5 Simulation of Condensed Phases. Continuum Solvent 
Models. 

 
Most chemical reactions take place in a solvent. Solute-solvent interactions have a 

significant effect on the behaviour of molecular systems; hence, understanding the 

influence of solvent is crucial for proper modeling of solution environments. In some 

cases, solvent molecules are directly involved, as for example in ester hydrolysis. Such 

solvent molecules should be modeled explicitly.  

 

Solute SolventSolvent Solute SolventSolvent
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In other systems, the solvent provides a ‘bulk medium’; the dielectric properties of the 

solvent are of primary importance ⇒ continuum solvation models. 

 

Dielectric 
continuum; ε

Solute Dielectric 
continuum; ε

Solute

 
 

The solvation free energy is the free energy change to transfer a molecule from vacuum 

to solvent. The solvation free energy contains three components: 

 

cavvdwelecsolv GGGG ∆+∆+∆=∆  

 

where elecG∆ is the electrostatic component, vdwG∆  van der Waals interaction between the 

solute and the solvent, cavG∆  is the free energy required to form the solute cavity within 

the solute, it comprises the entropic penalty associated with the reorganization of the 

solvent molecules around the solute. 

When a solute is immersed in a solvent, its charge distribution interacts with that of the 

solvent. In a continuum model, the charge distribution of solvent is replaced by a 

continuous electric field that represents a statistical average over all solvent degrees of 

freedom at thermal equilibrium. This field is called ‘reaction field’ in the regions of space 

occupied by a solute, since it derives from reaction of the solvent to the presence of 

solute. The reaction field can be incorporated into quantum mechanics, where it is 

commonly referred as the self-reaction field (SCRF) method. The solute is placed into a 

cavity within the solvent. There are variety of SCRF approaches which differ how they 

define the cavity and the reaction field. Tomasi’s polarisable continuum method (PCM)4 

defines the cavity as the union of a series of interlocking atomic spheres.  
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ε

 

 

The cavity surface is divided into a large number of small surface elements, and there is a 

point charge associated with each surface element. This system of point charges 

represents the polarization of the solvent. The total electrostatic potential at each surface 

element equals the sum of the potential due to the solute ( )rρφ and the potential due to 

the other surface charges ( )rσφ  : 

 

( ) ( ) ( )rrr σρ φφφ +=  

 

The PCM algorithm is as follows. First, the cavity surface is determined from van der 

Waals radii of the atoms. That fraction of each atom’s van der Waals sphere which 

contributes to the cavity is than divided into a number of small surface elements of 

calculable area. An initial value of the point charge for each surface element is than 

calculated from the electric field gradient due to the solute alone. The contribution ( )rσφ  

due to the other point charges can be than calculated using Coulomb’s law. These charges 

are modified until they are self-consistent. The potential  ( )rσφ  from the final part of the 

charge is than added to the solute Hamiltonian (H = H0 + ( )rσφ ) and the SCF calculation 

initiated. After each SCF calculation new values of the surface charges are calculated 

from the current wavefunction to give a new value of ( )rσφ  which is used in the next 

iteration until the solute wavefunction and the surface charges are self-consistent. 
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1.6 Theoretical Investigation of Nucelophilic Addition to 
Isothiocanates  

1.6.1 Introduction 
 

Many spirocycles possess important biological activities. For example, the insecticide 

activity of substituted spiro[4H-1-benzopyrane-4,3’-3H-indole]-3-karbonitriles I is well 

known. Antifungal properties were found among many spirolactones II.  

 

 

O
O NH2

N
R'

OX

R
X = CN, COOEt

I

N

N

R'

R

O

II  
 

One of the most interesting heterocyclic scaffolds found in variety of biological systems 

are the derivates of imidazole. At the present time, a great number of acridine compounds 

are known as fluorescent, intercalating, antitumor agents, and are tested also against 

bacteria, malaria and other protozoa infections.5, 6 Spirocompounds containing both 

acridine and imidazole rings are expected to be biologically active agents and their 

preparation is the subject of an intensive study.7-11 Along with the synthetic efforts there 

is still a need for better understanding of the reaction mechanisms and conditions 

controlling the course of the reaction. 

This work deals more in detail with the preparation of the new types of spirocompounds, 

the mechanism of their formation via nucleophilic addition of acridin-9-yl methyl to 

isothiocyanates and the cyclization of resulting thioureas (Scheme 1). The reaction 

mechanism of this particular reaction is investigated using the ab initio quantum chemical 

methods.  
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Scheme 1 
 

The first impulse for this theoretical investigation was the unexpected observation during 

the research of my colleagues at the University of Pavol Jozef Safarik in Slovakia. The 

targets of their synthetic efforts were six-membered spiro acridines, which should, 

according to the previous studies7-11 , result from the reaction between acridin-9-

ylmethylthioureas and methyl bromoacetate (Scheme 2). 
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III, IV, V a b c d e f 
R’ Ph p-NO2-Ph p-Br-Ph p-CH3O-Ph -CH3 -CH2- CH=CH2 

Scheme 2 
 

The starting material for this cyclization was the acridin-9-ylmethylamine (ACR-CH2-

NH2 dihydrochloride I, which was obtained from acridin-9ylmethylbromide by liberating 

with potassium hydroxide (Scheme 3). The free amine II than reacted with the different 

isothiocyanates to form desired stable thioureas III. Surprisingly, the reaction was not 
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terminated at this point, but the thioureas further spontaneously cyclized in chloroform to 

spiro[dihydroacridine-9(10H), 5’-imidazolidine]-2’-thiones IV. 

 

N
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(I) III IVII

V  
III, IV, V a b c d e f 

R’ Ph p-NO2-Ph p-Br-Ph p-CH3O-Ph -CH3 -CH2- CH=CH2 

Scheme 3 

 

Repeated attempts to isolate pure thioureas III failed due to their reactivity, always only 

mixtures of III and IV were obtained. The structures of thioureas and final 

spirocompounds were confirmed by spectral and derivatisation methods. 

Spiro[dihydroacridine-9(10H),5’-imidazolidine]-2’-thiones IV yielded in the reaction 

with mesitylnitriloxide corresponding spiro[dihydroacridine-9(10H),5’-imidazolidine]-2´-

ones V, what was an evidence for imidazoline, not thiazolidine structure of IV.  

These unexpected results raised the questions about the reaction mechanism and the 

methods of quantum chemistry were chosen as a tool to address this question. 
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1.6.2 Isothiocyanates. Structure and Reactivity 
 

Isothiocyanates are sulphur containing compounds with the general formula R-N=C=S, 

formed by substituting sulfur for oxygen in the isocyanate R-N=C=O group. 

Isothiocyanates occur naturally as glucosinolate conjugates in cruciferous vegetables. 

Isothiocyanates are also responsible for the typical flavour of these vegetables. 

Glucosinolates are precursors of isothiocyanates. When the raw vegetables are chewed 

the plant cells are broken and an enzyme (myrosinase) hydrolyses the glucosinolates into 

isothiocyanates: 

 

R C S Glucose
N OSO3

- R N C S
R C S

N OSO3
-

Myrosinase

H2O
+ Glucose + SO4

2- H++

 
 

Isothiocyanates combat carcinogens by neutralizing them, reducing their poisonous effect 

and stimulating the secretion of carcinogens of carcinogens. Isothiocyanates act by 

inhibition of cell proliferation and induction of apoptosis. The isothiocyanates with the 

strongest anticancer effects are phenylethylisothiocyanate, benzylisothiocyanate and 3-

phenylpropylisothiocyanate. Studies have shown that isothiocyanates help to prevent lung 

cancer and esophageal cancer. Isothiocyanates can also lower the risk of other cancers, 

including gastrointestinal cancer. 

 

The N=C=S group alone is linear. The value of the angle R-N-C (140°-180°) depends on 

the character of the carbon residue R and the hybridization state of the nitrogen atom of 

the NCS group, respectively.  The electronic structure can be expressed by the resonance 

formulas: 

 

N C S
R

N C
+

S
R

N C
+

S
R

 
 

 

Which of the mesomeric structures will be effective depends on the reagent, medium, 

catalyst and the residue R. The isothiocyanates with electron donating substituents will 
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prefer the structure with a negative charge located on the sulphur atom. On the other 

hand, the negative charge will be located preferably on the nitrogen atom in the case of 

electron withdrawing groups.  

The NCS group is a medium strong electron withdrawing substituent with a negative 

inductive and a positive mesmeric effect. The central carbon atom of the NCS group has 

a strong electrophilic character and its electron withdrawing strength is most important 

for reactions of the NCS group by analogy with the carbon atom in the functional group 

of isocyanates and other typical heterocumulenes: 

 

X C Y
R δ+ X=N

Y=O,S  
 

The typical reactions of isothiocyanates are nucleophilic additions AdN and 

cycloadditions. The NCS group reacts with convenient agents to form 1,2-, 1,3-, and 1,4-

cycloadducts. For the rate of the cycloadditions the steric effects of the substituent is of 

great importance while its electric effect is significant for nucleophilic additions. 

 

1.6.3 Nucleophilic Addition of Isothiocyanates 
 

The nucleophilic additions of isothiocyanates are governed by the partial positive charge 

on the carbon atom of the NCS group, which predetermines isothiocyanates to enter 

nucleophlic additions. These reactions can occur across N=C as well as across C=S 

bonds. The general reaction scheme can be written as follows: 

R N C S X H R NH C

S

X

+

 

Scheme 4 

 
Nu-H is the nucleophile such as hydroxyl ion, ammonia, amines, hydroxylamine, thiols, 

hydrazines and so on. The best known reactions of isothiocyanates are the additions of 

nitrogen bases. Reactions of isothiocyanates with ammonia and primary or secondary 

amines produce the corresponding N-substituted thioureas.     
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Scheme 5 

 

Thioureas contain three nucleophilic centers which can be effectively used for the 

preparation of many types of heterocyclic compounds. For example, acridin-9-yl 

thioureas react with haloorganic compounds to afford different heterocyclic products 

depending on the character of the reaction partner8, 10: 
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Scheme 6 

The reaction between isothiocyanate and α-amino acid affords the derivates of 

thiocarbamoyl amino acid which cyclize in acid medium to yield thiohydantoin derivates. 
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Scheme 7 

 

Reactivity of isothiocyanates is often used in the organic synthesis, since they offer wide 

range of possibilities for the synthesis of new compounds. Edman degradation, the 
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synthesis of variety of substituted heterocycles as well as the inhibition of enzymes by 

isothiocyanates are based on the nucleophilic attack on the carbon atom of the NCS 

group. Despite the numerous studies, the mechanism of these reactions has not been 

satisfactory resolved. There are many suggested mechanisms, from the simple 

bimolecular reactions with the synchronous transition state or higher order reactions 

involving dimers12 (trimers) of nucleophiles to consecutive reactions with several 

nucleophile molecules. The available experimental data are apparently not sufficient for 

unambiguous conclusions about the mechanism of these nucleophilic additions. 

 

1.6.4 Simulations of Reaction Pathways 
 

The quantum chemistry can be effectively used for reaction paths simulations, since it 

provides information about the electronic properties of the molecule and thus can be used 

for modeling of bond-breaking and bond-forming processes. The electron density and 

especially electrostatic potential present the information about the reaction centers of the 

molecules, in accordance with is possible to predict the course of the reaction. To suggest 

the reaction mechanism of the particular reaction, it is necessary to localize all relevant 

stationary points on the potential energy surface (PES) – minimum points, which 

represent the intermediates along the reaction path as well as transition states connecting 

them.  

The following general strategy has been adopted; all calculations were initially performed 

in the gas phase in order to get informations about the energetics of the reaction. To study 

the effects of solvatation, all obtained stationary points have been then used for 

subsequent calculations in the solution environment (chloroform).  

Calculations were divided to two main stages. In the first stage the reaction mechanism of 

the nucleophilic addition of acridin-9-ylmethylamine to methyl- and 

phenylisothiocyanate was investigated. The second stage was dedicated to modeling of 

cyclization of the thioureas to final spiroacridines. Methyl- and phenyl isothiocyanates 

were chosen as model systems due to their different spatial and electronic properties; 

methyl group represents electron donors and phenyl group electron withdrawing 

substituents.  
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All stationary points in this study were identified with the Gaussian quantum chemistry 

package, versions Gaussian 98, Rev. A713 and Gaussian 03, Rev. C0114. The usual 

procedure is to localize minima first (by applying the minimization algorithms), and than 

to try to find corresponding transition states. The crucial part of the transition state search 

is to find an appropriate candidate. This can be done in many ways, some of which are 

semi-automated (scan of the PES), automated (STQN method)15, 16 or empirical, 

dependent entirely on the scientist’s experiences. 

After successful localization of the transition state it is necessary to verify if it is indeed a 

valid transition state on the potential hypersurface. This is accomplished by a force 

calculation, the result of which is so called Hessian – the matrix of second derivates of 

energy with the respect to all coordinates. The sought transition state of the first order 

contains one and only one negative frequency (sometimes called imaginary frequency), 

which corresponds to the maximum in the search direction and a minimum in all other 

directions. The Hessian calculation is computationally very demanding and is, among 

other expensive types of calculations, a severe limitation in ab initio calculations of larger 

molecules. With reference to the system size and computer resources (see experimental 

part), the moderate Hartree-Fock level of theory with Pople’s split basis valence set 6-

31G with one polarization and one diffusion function on heavy (non-hydrogen) atoms 

was used – HF/6-31+G(d)17, 18.  Polarization and diffusion functions are necessary for the 

better description of species with an anisotropic electron distribution and charged 

intermediates, which were expected to be formed during the reaction. 

All stationary points were characterized by the vibrational analysis. These frequency 

calculations verified that all frequencies for minima are real and that all transition states 

have only one negative frequency. In addition, intrinsic reaction coordinate (IRC) 

calculations confirmed that all transition states connect the appropriate minima on the 

PES. The values of enthalpies and Gibbs free energies were calculated at 298.15 K and 1 

atmosphere.  
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1.6.5 Thermochemistry Calculations in Gaussian 

The equations used for computing thermochemical data in Gaussian are equivalent to 

those given in standard texts on thermodynamics19.  The thermodynamic quantities like 

entropy, enthalpy or heat capacity are calculated from contributions resulting from 

translational, electronic, rotational and vibrational motions. The starting point in each 

case is the partition function q(V,T) for the corresponding component of the total partition 

function. The partition function from any component can be used to determine the 

entropy contribution S from that component, using the relation: 

( )
V

BBB T
qTNk

N
TVqNkNkS ⎟

⎠
⎞

⎜
⎝
⎛

∂
∂

+⎟
⎠
⎞

⎜
⎝
⎛+=

ln,ln  

where N is the number of moles, V is volume, T temperature and kB the Boltzmann 

constant. Gaussian uses the expression of the following form: 
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with R being the gas constant, qi are the corresponding partition functions. The internal 

thermal energy E can also be obtained from the partition function: 
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1. Contributions from translation: the translation partition function qt is calculated using 

expression:  
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where P is the pressure (default 1 atmosphere) and h the Planck constant. The 

translational partition function is used to calculate the translational entropy. 
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Contribution to the internal thermal energy due to translation is: 

 

RTEt 2
3

=  

 

2. Contribution form electronic motion: Gaussian assumes that the first electronic 

excitation energy is much energy is much greater than kBT. Therefore, the first and higher 

excited states are assumed to be inaccessible at any temperature. Further, the energy of 

the ground state is set to zero. These assumptions simplify the electronic partition 

function to: 

ee qRS ln.=  

 

Since there are no temperature dependent terms in the partition function, the electronic 

heat capacity and the internal thermal energy due to electronic motion are both zero. 

 

1. Contribution form rotational motion: For a general case of nonlinear polyatomic 

molecule, the rotation partition function is: 
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where Θr=h2/8π2IkB. I is the moment of inertia. The rotational contribution to the entropy 

is: 
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The contribution to the internal thermal energy is: 

 

RTEr 2
3

=  

 

For a linear molecule, the rotational contributions to entropy and internal thermal energy 

have the forms: 

( )1ln += rr qRS  

RTEr =  

 

For a single atom qr = 1. Since qr does not depend on temperature, the contribution of 

rotation to the internal thermal energy, its contribution to the heat capacity and its 

contribution to the entropy are all identically zero. 

 

4. Contribution from vibrational motion: 

The contributions to the partition function, entropy, internal energy and constant volume 

heat capacity from vibrational motions are composed of a sum (or product) of the 

contributions from each vibrational mode, K. Only the real modes are considered; modes 

with imaginary frequencies (with a minus sign in the output) are ignored. Each of the 3N-

6 (or 3N-5 for linear molecules) modes has a characteristic vibrational temperature, Θv,K 

= hυK/kB.  

There are two ways to calculate the partition function, depending on where one chooses 

the zero of energy to be: either the bottom of the internuclear potential energy well, or the 

first vibrational level. Gaussian uses the bottom of the well as the zero of energy to 

determine the thermodynamic quantities. The contribution to the partition function from a 

given vibrational mode is: 
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and the overall vibrational partition function is:  
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The total entropy contribution from the vibrational partition function is calculated using 

the formula: 
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The contribution to the internal thermal energy resulting from molecular vibrations has 

the following expression: 
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All mentioned contributions are printed out in the Gaussian output from the frequency 

calculation: 

The correction to the internal thermal energy: Etot = Et + Er + Ev + Ee 

Thermal correction to enthalpy:  Hcorr = Etot + kBT 

Thermal correction to Gibbs free energy: Gcorr = Hcorr – TStot 

where Stot = St + Sr + Sv + Se 

These values are than used for estimates of the total energy of the molecule, after various 

corrections are applied: 

Sum of electronic and thermal energies: E = E0 +  Etot 

Sum of electronic and thermal Enthalpies: H = E0 + Hcorr  

Sum of electronic and thermal Free Energies: G = E0 + Gcor 

where E0 represents the total electronic energy. 
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1.7 Addition of Acridin-9-ylmethylamine to Isothiocyanates 
 

The calculation of the reaction pathway comprises the localization and identification of 

the corresponding stationary points (minima, transition states) along the reaction 

coordinate. These stationary points are modeled according to the assumed mechanism, 

which is based on the current state of knowledge, or in many cases simply on the 

chemical intuition.  

Reaction coordinate is a geometric parameter that changes during the conversion of one 

(or more) reactant molecular entities into one (or more) product molecular entities and 

whose value can be taken for a measure of the progress of an elementary reaction (for 

example, a bond length or bond angle or a combination of bond lengths and/or bond 

angles; it is sometimes approximated by a non-geometric parameter, such as the bond 

order of some specified bond). In the formalism of ‘transition-state theory20’, the reaction 

coordinate is that coordinate in a set of curvilinear coordinates obtained from the 

conventional ones for the reactants which, for each reaction step, leads smoothly from the 

configuration of the reactants through that of the transition state to the configuration of 

the products. The reaction coordinate is typically chosen to follow the path along the 

gradient (path of shallowest ascent/ deepest descent) of potential energy from reactants to 

products. 

 

Following the data about AdN reactions of isothiocyanates and analogous reactions of 

isocyanates,12, 21  the two possible reaction courses were suggested: 

I. synchronous mechanism across N=C or C=S bond (Scheme 8) 

II. consecutive mechanism across N=C or C=S bond (Scheme 9) 
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Scheme 8 Synchronous mechanism: A. Addition across C=S bond  

     B. Addition across N=C bond 
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Scheme 9 Step-wise mechanism: A. Addition across C=S bond  

                                B. Addition across N=C bond 

 

 

1.7.1 Synchronous Mechanism 
 

In the first part the synchronous reaction mechanism I was modeled, where the thiourea is 

formed in the first step via the synchronous transition state (Figure 1.1). 



Addition of Acridin-9-ylmethylamine to Isothiocyanates 
    

35

R

S

N
H

H

N
Acr

 

NR

N

S

H

H
Acr

 
 

Figure 1.1 Synchronous attack to the N=C and C=S bond of the isothiocyanate 
 

All attempts to find these transition states failed, resulting in the separation of the 

reactants. This observation led to the conclusion that the formation of the thiourea does 

not occur via these transition states, probably due to the need of high degree of alignment 

of such transition geometries. 

 

1.7.2 Consecutive Mechanism 
 

1.7.2.1 Nucleophilic Addition to the N=C Bond of Isothiocyanates 
 

Gas phase calculations of the step-wise pathway were more successful and all assumed 

stationary points on the PES have been found (Figure 1.2, 1.3). Calculations both with 

methyl and phenyl revealed the same reaction course: in the first step the nucleophilic 

amine nitrogen attacks the partially positively charged NCS carbon atom and the ionic 

intermediate II is formed via transition state TsI. This zwitterionic species is relatively 

high on the energy profile (Table 1.1) and can be stabilized by the subsequent proton 

transfer via TSII. The result of this process is the desired thiourea III. Calculated 

reaction enthalpies indicate in both cases the exothermic reaction (Table 1.1).  Negative 

values of Gibbs free energies outline the spontaneous reaction course (Figure 1.4). 

Formation of the C-N bond is in both cases the rate-determining step (Table 1.2). The 

phenyl substitution causes an increase in the activation barrier of all processes. 
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Ia

+

TsIa

IIa TsIIa IIIa  
Figure 1.2  HF/6-31+G(d)  stationary points on the reaction coordinate: addition to N=C 
bond of the CH3-N=C=S 

 
 
 
 

Ib
TsIb

TsIIbIIb IIIb
 

Figure 1.3 HF/6-31+G(d)  stationary points on the reaction coordinate: addition to N=C 
bond of the Ph-N=C=S 
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R CH3 Ph 
 

Process 
 

∆E≠ ∆H≠ ∆G≠ ∆E≠ ∆H≠ ∆G≠ 

I 0.00 0.00 0.00 0.00 0.00 0.00 
TsI 22.56 22.05 33.49 28.52 27.36 43.84 
II 14.21 13.37 26.49 15.27 14.72 27.78 

TsII 41.16 40.26 53.15 48.26 47.29 61.74 
III -16.45 -17.12 -4.56 -16.46 -16.76 -5.10 

Table 1.1 Calculated relative energies (relative to separated reactants) including zero-point-energy 
correction (ZPE) ∆Erel., enthalpies ∆Hrel. and Gibbs free energies ∆Grel. on HF/6-31+G(d) level. All 
values are in kcal/mol. 

 
 

R CH3 Ph 
 

Process 
 

∆E≠ ∆H≠ ∆G≠ ∆E≠ ∆H≠ ∆G≠ 

I→TS I 22.56 22.05 33.49 28.52 27.36 43.84 

II→TS II 26.94 26.89 26.65 32.98 32.56 33.96 

Table 1.2 Computed activation energies ∆Ε≠  (including ZPE), enthalpies ∆Η≠ and Gibbs free energies 
∆G≠  on HF/6-31+G(d) level. All values are in kcal/mol. 
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Figure 1.4 Addition to N=C bond. Substituent effect on the energy reaction profile at HF/6-31+G(d) 
level. Values for the Phenyl substituent are displayed in Italic. 
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1.7.2.2 Nucleophilic Addition to the C=S Bond of Isothiocyanates 
 

Another way of reactants to product transformation could be via the nucleophilic 

addition to the C=S bond of isothiocyanates. Reaction path simulations suggested in both 

methyl and phenyl case the following reaction mechanism (Figure 1.5, 1.6):  in the first 

step the nucleophilic amine nitrogen reacts with the reactive carbon center of the 

isothiocyanate group and an ionic intermediate IV is formed via transition state TS III. 

This process is followed by the intramolecular proton transfer (TS IV) to the terminal 

sulphur atom of the NCS moiety which yields the isothiourea isomer V. Intermediate V 

does not have the proper geometry for the further reaction continuance and needs to 

undergo fast rotation around the C-S single bond (TS V). The reaction proceeds than 

from the isothiourea isomer VI via intramolecular proton transfer (TS VI) to the desired 

thiourea derivate III.    
 

Ia

TS VaVaTS IVa

IVaTS IIIa

VIa IIIaTS VIa

 

Figure 1.5 HF/6-31+G(d)  stationary points on the reaction coordinate: addition to C=S bond 
of the CH3-N=C=S 
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VbTS IVb

Ib TS IIIb IVb

TS Vb

VIb TS VIb IIIb

 
Figure 1.6 HF/6-31+G(d)  stationary points on the reaction coordinate: addition to C=S bond 

of Ph-N=C=S 
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Figure 1.7 Addition to the C=S bond. Substituent effect on the energy reaction profile at HF/6-
31+G(d) level. Values for the Phenyl substituent are displayed in Italic. 
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R CH3 Ph 

Process ∆E≠ ∆H≠ ∆G≠ ∆E≠ ∆H≠ ∆G≠ 

I 0.0000 0.0000 0.0000 0.0000 0.0000 0.00 
TS III 30.87 30.11 43.15 33.22 32.45 47.80 

IV 30.97 30.21 43.47 24.88 24.34 38.34 
TS IV 49.45 48.42 62.41 52.25 51.27 67.31 

V 6.41 5.95 18.31 3.54 3.46 15.00 
TS V 11.07 10.17 23.45 15.55 14.70 30.16 

VI 2.91 2.38 15.02 -0.10 -0.26 11.87 
TS VI 31.92 31.18 43.54 34.35 33.55 48.32 

III -16.76 -17.42 -4.89 -16.82 -17.13 -5.57 

Table 1.3 Calculated relative energies (relative to separated reactants) including zero-point-energy 
correction (ZPE), ∆Erel. and Gibbs free energies ∆Grel on HF/6-31+G(d) level. All values are in 
kcal/mol. 

 
 
 

R CH3 Ph 
Process ∆E≠ ∆H≠ ∆G≠ ∆E≠ ∆H≠ ∆G≠ 

I →TS III 30.87 30.11 43.15 33.22 32.45 47.80 
IV→TS IV 22.45 18.20 19.99 32.88 26.93 28.96 
V→TS V 4.65 4.22 5.13 12.00 11.24 15.15 

VI→TS VI 29.00 28.80 28.52 34.45 33.82 36.45 

Table 1.4 Computed activation energies ∆Ε≠  (including ZPE), enthalpies ∆Η≠  and Gibbs free 
energies ∆G≠  on HF/6-31+G(d) level. All values are in kcal/mol. 

 

Comparison of the energy barriers (Table 1.4) revealed again that phenyl substitution 

leads to the higher activation energies compared to the reaction with 

methylisothiocyanate. Direct comparison of activation energies ∆E≠ and Gibbs free 

energies ∆G≠ can be used to address the question about most probable reaction 

mechanism. Results (Tables 1.2, 1.4) clearly show the preference for the nucleophilic 

addition of acridin-9-ylmethylamine to N=C bond of the studied isothiocyanates which is 

in agreement with the theoretical and experimental results for similar reactions of 

isothiocyanates and cyanates12, 22. 
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1.7.3 The Effect of Electron Correlation 
 

 

Two sources of uncertainty in the calculated reaction pathways and energetics consists in 

applying Hartree-Fock methods for the simulations of proton transfer (PT) and the non-

inclusion of the solvent effects. 

Hartree-Fock methods usually provide reasonably good agreement with the experimental 

structural parameters and relative energies of stable molecules1, 23. However, the most 

significant drawback of the HF scheme is its neglect of the electron correlation making 

this method insufficient for quantitative predictions as well as for accurate modeling of 

processes like bond dissociation, dispersive effects and proton transfer24. 

Accurate calculations of proton transfer barriers still remain a challenge to quantum 

chemistry. To properly describe the proton transfer, methods including some effects of 

electron correlation are necessary. Density functional theory (DFT) and post-Hartree-

Fock (e.g. MP225, 26) methods are known to give reliable geometric and thermodynamic 

properties for such systems27.   

It has to be also noted, that HF approach tends to overestimate the barrier heights for 

proton transfer transition states and the corresponding values would be probably 

significantly lower on other more appropriate level of theory (e.g. MP level)28, 29. 

However, in some cases, HF methods are still able provide chemically meaningful 

results24, 30, 31 even for such theory-sensitive processes such as the proton transfer32-34. To 

verify that conclusions drawn from the HF calculations were not affected by the 

mentioned limitations, smaller model system was investigated – the reaction of the 

methylisothiocyanate with ammonia (Figure 1.8). 
 

N C S
NCH3

N

S

H

H

H

+ NH3CH3

 
Figure 1.8 Model reaction for DFT calculations 

 

To gain a deeper insight for the dependence of calculated proton transfer barriers on the 

level of theory employed, the calculations were performed both on HF/6-31++G(d,p) 
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level and with the Becke’s three-parameter hybrid functional based on the correlation 

functional of Lee, Yang, and Parr (B3LYP35) with the 6-31++G(d,p) basis set. All 

stationary points were fully optimized and verified by the vibrational analysis. Results of 

these calculations are shown in the Figures 1.9, 1.10, 1.11 and 1.12. Simulations on this 

level of theory showed similar reaction pathways to the HF calculations. However, Ts 

III* is a synchronous transition state corresponding to the simultaneous formation of the 

C···N and S···H bonds between methylisothiocyanate and ammonia, respectively. All 

attempts to find the intermediate similar to the IVa from the HF calculations led to the 

separation of both species. On the B3LYP level, the reaction across C=S bond is thus 

predicted to initiate via synchronous transition state TsIII*.   

 

 

I*

+

TsI*

II* TsII* III*  

Figure 1.9 B3LYP/6-31++G(d,p) stationary points on the reaction coordinate: NH3 addition to N=C 
bond of CH3-N=C=S 
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TsV* III*

I*
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Figure 1.10 B3LYP/6-31++G(d,p) stationary points on the reaction coordinate: NH3 addition to C=S 
bond of CH3-N=C=S 
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Figure 1.11 Addition to N=C and C=S bond. Comparison of reaction pathways at the B3LYP/6-
31++G(d,p) level 
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Figure 1.12 Addition to N=C and C=S bond. Comparison of reaction pathways at the HF/6-
31++G(d,p) level. 

 

 B3LYP/6-31++G(d,p) HF/6-31++G(d,p) 

Process ∆E≠ ∆H≠ ∆G≠ ∆E≠ ∆H≠ ∆G≠ 
I*→Ts I* 18.25 17.04 28.05 26.38 25.14 35.84 

II*→Ts II* 13.17 12.82 13.31 22.97 22.69 23.15 

       Table 1.5 Computed activation energies ∆Ε≠ , enthalpies ∆Η≠  and Gibbs free energies ∆G≠  on 
B3LYP/6-31++G(d,p) and HF/6-31++G(d,p) level for the N=C addition. All values are in kcal/mol. 

 
 

        Table 1.6 Computed activation energies ∆Ε≠  (including ZPE), enthalpies ∆Η≠  and Gibbs free 
energies ∆G≠  on B3LYP/6-31++G(d,p) and HF/6-31++G(d,p) level for the C=S addition. All values 
are in kcal/mol. 

 
HF methods are known to overestimate heights of energy barriers28. The results on both 

levels of theory indicate that HF barriers are too high by 5-7 kcal/mol for transition states 

 B3LYP/6-31++G(d,p) HF/6-31++G(d,p) 
Process ∆E≠ ∆H≠ ∆G≠ ∆E≠ ∆H≠ ∆G≠ 

I* →Ts III* 37.35 35.51 48.89 52.86 51.00 63.73 
IV*→Ts IV* 1.15 0.79 1.51 1.55 1.18 1.90 
V*→Ts V* 19.68 19.56 19.46 31.06 30.90 30.98 
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of C…N bond formation and approximately 10 kcal/mol for the proton transfer, 

respectively.  

N
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H

H H
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H

H

1 4

3

2

5  
 

 Ts I II Ts II III 

 HF B3LYP HF B3LYP HF B3LYP HF B3LYP 
N1-C2 1.210 1.244 1.251 1.293 1.287 1.328 1.340 1.358 

C2-S3 1.644 1.640 1.707 1.670 1.667 1.647 1.692 1.684 

C2-N4 2.012 1.952 1.522 1.560 1.485 1.513 1.338 1.365 

N4-H5 1.003 1.017 1.008 1.025 1.281 1.263 - - 

N1-H5 - - - - 1.331 1.358 0.995 1.009 

Table 1.7 Characteristic geometry parameters of the “active site” stationary points optimized on 
HF/6-31+G(d) and B3LYP/6-31++G(d,p) level for addition to the N=C bond.   

 

Calculations with the model system using density functional theory approach provided 

similar geometries of the “active part” of the system to those obtained by Hartree-Fock 

calculations (Table 1.7).   

Comparison of the activation barriers (Tables 1.5 and 1.6) of this model reaction revealed 

again the preference for the addition to the N=C bond of the CH3-N=C=S which agrees 

with conclusions from HF level, giving a confidence that despite known limitations, this 

approach can be used for the qualitative prediction of the reaction mechanism for this 

studied reaction.  
 

1.7.4 Solvatation Effects 
 

All calculations considered so far were performed in the gas phase. However, solvent-

solute interactions play a significant role in the chemical reactions. In the case of the 

reaction between isothiocyanates and acridin-9-ylmethylamine, solvent (chloroform, 

ε=4.8) acts as a bulk medium but can still significantly affect the solute behaviour. The 
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continuum reaction field4, 36 models are usually used to describe the solution 

environment, because they have been proven quite successful in many applications37, 38. 

The solvent effects were modeled using the Tomasi’s polarized continuum model 

(PCM)39, 40 as implemented in Gaussian 03.41-44 All stationary points were fully optimized 

in the field of chloroform applying PCM HF/6-31+G(d) method and verified by final 

frequency calculations at the same level of the theory.   

Results confirmed again the preference for the addition across N=C bond of the 

isothiocyanates. Due to the similar reaction pathways to HF/DFT calculations and 

relevance for the further reaction course, only data for NC addition are presented (Table 

1.8). The same trend of phenyl substitution on energy barriers after inclusion of solvent 

effect is observed (Figure 1.13). The calculated relative energies change most 

significantly for the intermediate II in the polar media (Tables 1.1 and 1.8). Zwitterionic 

species are traditionally very high on the PES in the gas phase.  
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Figure 1.13 Addition to the N=C bond. Substituent effect on the energy reaction profile at PCM 
HF/6-31+G(d) level. Values for the Phenyl substituent are displayed in Italic. 

R CH3 Ph 

Process ∆E≠ ∆H≠ ∆G≠ ∆E≠ ∆H≠ ∆G≠ 

Is 0.00 0.00 0.00 0.00 0.00 0.00 
TsIs 21.74 21.24 33.16 28.66 27.48 43.58 
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IIs 7.98 7.03 20.78 10.34 9.14 24.22 
TsIIs 42.53 41.45 55.45 52.01 50.32 68.36 
IIIs -19.74 -20.57 -7.24 -18.06 -18.56 -5.39 

Table 1.8 Calculated relative energies (relative to separated reactants) including zero-point-energy 
correction (ZPE), ∆Erel. and Gibbs free energies ∆Grel on PCM HF/6-31+G(d) level. All values are in 
kcal/mol. 

 

The solute-solvent interactions stabilize such ionic intermediates in the polar solvents 

leading to the lower relative energies compared with gas phase calculations. PCM model 

also predicts thiourea derivates III to be more stable in the solution environment (Tables 

1.1 and 1.8). It is clear form activation barriers (Tables 1.9, 1.10) that solvent has only 

small effect on the barrier height of transition states TS I, whereas very strong solvent 

effect on the activation energy of proton transfer (TS II) has been observed. When going 

form gas phase to solution, the activation energy of proton transfer is increased by about 

7 kcal/mol for the methyl and 9 kcal/mol for the phenyl substituent, respectively.  
 

ε=1.0 ε=4.8  
Process 

 ∆E≠ ∆H≠ ∆G≠ ∆E≠ ∆H≠ ∆G≠ 

I→TS I 22.56 22.05 33.49 21.74 21.24 33.16 

II→TS II 26.94 26.89 26.65 34.55 34.42 34.67 

Table 1.9 Computed activation energies ∆Ε≠  (including ZPE), enthalpies ∆Η≠  and Gibbs free 
energies ∆G≠  in vacuo (ε=1.0) and chloroform (ε=4.8) for the reaction CH3-N=C=S + ACR-CH2-NH2. 
Values are in kcal/mol. 

 
 

ε=1.0 ε=4.8  
Process 

 ∆E≠ ∆H≠ ∆G≠ ∆E≠ ∆H≠ ∆G≠ 

I→TS I 28.52 27.36 43.84 28.66 27.48 43.58 

II→TS II 32.98 32.56 33.96 41.67 41.18 44.13 

Table 1.10 Computed activation energies ∆Ε≠  (including ZPE), enthalpies ∆Η≠  and Gibbs free 
energies ∆G≠  in vacuo and solution (chloroform) for the reaction Ph-N=C=S + ACR-CH2-NH2. 
Values are in kcal/mol. 

The main reason for the observed solvent effect is apparently the larger stabilization of 

the intermediate II in chloroform. 

The geometry changes induced by the solvent continuum are small. Table 1.11 

summarizes the characteristic geometry parameters in the gas phase and in the solution. 
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R=CH3 Ts I II Ts II III 

 ε=1.0 ε=4.8 ε=1.0 ε=4.8 ε=1.0 ε=4.8 ε=1.0 ε=4.8 

N1-C2 1.210 1.203 1.251 1.249 1.287 1.284 1.340 1.329 

C2-S3 1.644 1.647 1.707 1.724 1.667 1.674 1.692 1.714 

C2-N4 2.012 2.060 1.522 1.508 1.485 1.477 1.338 1.332 

N4-H5 1.003 1.007 1.008 1.015 1.281 1.295 - - 

N1-H5 - - - - 1.331 1.329 0.995 0.996 

R=Ph Ts I II Ts II III 

 ε=1.0 ε=4.8 ε=1.0 ε=4.8 ε=1.0 ε=4.8 ε=1.0 ε=4.8 

N1-C2 1.210 1.210 1.256 1.251 1.288 1.288 1.348 1.337 

C2-S3 1.644 1.644 1.703 1.715 1.667 1.667 1.690 1.711 

C2-N4 2.011 2.010 1.526 1.515 1.484 1.484 1.334 1.329 

N4-H5 1.003 1.002 1.009 1.015 1.273 1.270 - - 

N1-H5 - - - - 1.326 1.328 0.996 1.005 

Table 1.11 Geometry parameters of the stationary points optimized in the gas phase and in the 
solution. Transition interatomic distances are in red.  

 

1.8 Spirocyclisation of Acridin-9-ylmethyl thioureas 
 
In the second part of this study, the spontaneous spirocyclisation of prepared thioureas 

was investigated (Scheme 10). The simulations of the reaction pathway were based on the 

experimental conditions and the monitoring of thiourea → final spirocompound 

conversion. The Table 1.12 and the Figure 1.14 show the overall reaction course and the 

ratio between the reactants, thiourea intermediate and the products.  
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Scheme 10 

 
 

Time (min.) 3(%) 4(%) 5(%) 
0 100.0 0 0 
5  16.7 77.8 5.5 

10 3.3 86.7 10.0 
15 1.2 83.3 15.5 
30 0 80.0 20.0 
90 0 62.5 37.5 
330 0 31.0 69.0 
1440 0 16.7 83.3 
2400 0 0 100 

Table 1.12 Ratio (%) between the reactant, the intermediate and the  

product during the reaction course. 
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Figure 1.14 Conversion reactants → products 

 

The experimental data presented in the Table 1.12 were provided by the collaborators 

from the Chemistry Department of the Pavol Jozef Safarik University. In proton NMR a 

signal of methylene group bound on acridine proved to be a valuable indicator of the 



Spirocyclisation of Acridin-9-ylmethyl thioureas    50

structure changing from a dublet in the case of thioureas 4 to a singlet of 5. The 

transformation of thiourea 4 into 5 was monitored by NMR spectroscopy. The initial 

substance (Acridin-9-ylmethylamine) is consumed after 30 minutes (Table 1.12) and the 

reaction mixture contains 80% of thiourea and 20% of the product. As shown, the 4 is 

still left in the reaction mixture in a 16.7% content after 24 h standing in a NMR tube at 

room temperature. The conversion of thiourea intermediate to the product than continues 

and is accomplished after 40 hours. Considering these observations, following 

mechanisms were modeled: 

 
1. Direct nucleophilic attack of the α-nitrogen of the thiourea: 
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All attempts to find the corresponding stationary points failed and led back to the 

thiourea derivate. The observation could be explained by the insufficient 

nucleophilicity of the α-nitrogen of the thiourea. 
 

2. Calculations with the negative charge on the α-nitrogen of the thiourea were more 

successful and all stationary points were found: 
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However, considering reaction condition (chloroform as a solvent) in the absence of 

the strong base, this conversion path seemed unlikely and was excluded from the 

consideration.  

 

3. More promising were simulations with the thiol derivate of thiourea. Thiourea is 

known to exist in two tautomeric forms: thiourea and isothiourea: 
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The following mechanism was suggested, where the thiol tautomer of thiourea plays a 

key role in the conversion to the final product: 
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This hypothesis was further confirmed by experimental observations. The treatment of 

the reaction mixture after 30 minutes with sodium hydride and methyl bromoacetate 

yielded thiazolidinone 8 (Figure 1.15).  
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Figure 1.15 Reaction of Acridin-9-ylmethyl thioureas with methyl bromoacetate 

 
It is assumed, that thiourea is formed during the reaction course. Based on previous 

studies45, 46, the following mechanism was proposed, where the sulphur form the 

tautomeric form 4’ attacks α-carbon of methyl bromoacetate displacing the bromide ion 



Spirocyclisation of Acridin-9-ylmethyl thioureas    52

and forming the intermediate S-(methoxycarbonyl)methyl isothiourea 6 (Figure 1.16). 

Subsequent intramolecular nucleophilic attack by the nitrogen yields the product 8.  
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Figure 1.16 Suggested mechanism of the reaction between Acridin-9-ylmethyl thioureas and 
methyl bromoacetate 

 

The proton transfer (PT) transition states were not modeled due to the already mentioned 

theoretical and computational limitations as well as uncertainties about the mechanism of 

this process. It has not been found out yet, how the proton is transferred form the 

imidazolidine ring to the acridine nitrogen. From the current knowledge of  PT 

reactions47-49 and the geometry of the intermediate IX (Figure 1.17) it was assumed, that 

probably other molecule of acridine is involved in this proton transfer. Whether this 

process occurs in the concerted fashion via cyclic transition state, or gradually involving 

two mediator molecules, still remains unknown. Moreover, there is increasing evidence 

for the solvent assisted proton transfer reactions even for such weak H-donors as a 

chloroform50, 51. It has been found that CH groups can act as proton donors in hydrogen-

bonded systems52-54 and can interact with proton donors like O, N, π-systems, X- 

(halogen anions) forming CH…O, CH…N, CH..π and CH…X- interactions51. For 

example, CH…O interactions posses all characteristics of hydrogen bond, including 

complex properties such as cooperativity within hydrogen bond arrays55. Which of the 

above mentioned processes takes place in the final protonation of the spirocyclic product 

remains unanswered. However, these proton transfers are supposed to be much faster 

than the formation of the imidazolidine ring via TS VIII and therefore are not expected 

to be crucial for the description of the whole reaction mechanism.   
 



Spirocyclisation of Acridin-9-ylmethyl thioureas    53

 

Figure 1.17 Intermediate IX 

 

Simulations of this reaction pathway were performed both in the gas phase and solution 

(chloroform) on the HF/6-31+G (d) level. Figures 1.18 and 1.19 display the reaction 

profiles in the gas phase and chloroform. Crucial for this conversion is the formation of 

the imidazolidine ring XI. The inclusion of the solvent effects lowers the activation 

energy of this process (Table 1.15) which can be assigned to the more appropriate 

description of the transition state TS VIII in the solution environment. From Figures 1.18 

and 1.19 is again apparent the stabilization effect of the polar medium on the zwitterionic 

intermediate IX. The intermediate II seems to play a crucial role in the whole 

transformation, since there are two ways of its stabilization: intramolecular proton 

transfer to the nitrogen atom or terminal sulphur atom of the isothiocyanate moiety, 

leading to the thiourea III or its tautomer isothiourea VII in the latter case (Figure 1.20). 

Calculated electrostatic potential suggested the possibility of such process (Figure 1.21).  
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Figure 1.18 Spirocyclisation of the methyl isothiourea derivate. 

 

 

R= CH3 ε=1.0 ε=4.8 

Process ∆E≠ ∆H≠ ∆G≠ ∆E≠ ∆H≠ ∆G≠ 

III 0.00 0.00 0.00 0.00 0.00 0.00 
VII 16.49 16.71 16.40 19.99 19.90 20.54 

TS VIII 54.15 53.76 56.04 50.99 50.37 53.36 
IX 53.36 53.20 55.00 44.74 44.63 45.63 
X -3.52 -4.13 -1.32 -4.89 -5.34 -3.23 

Table 1.13 Calculated relative energies (relative to the thiourea derivate III) including zero-point-
energy correction (ZPE), ∆Erel. and Gibbs free energies ∆Grel in the gas phase and chloroform on 
HF/6-31+G(d) level 
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Figure 1.19 Spirocyclisation of the phenyl isothiourea derivate. 

 

R= Ph ε=1.0 ε=4.8 
Process ∆E≠ ∆H≠ ∆G≠ ∆E≠ ∆H≠ ∆G≠ 

III 0.00 0.00 0.00 0.00 0.00 0.00 
VII 15.05 15.22 16.02 17.55 16.85 20.16 

TS VIII 58.88 58.14 63.40 56.79 55.76 61.41 
IX 56.40 56.29 59.41 49.03 48.79 51.10 

X -3.43 -3.95 -1.77 -4.91 -4.48 -3.44 

Table 1.14 Calculated relative energies (relative to the thiourea derivate III) including zero-point-
energy correction (ZPE), ∆Erel. and Gibbs free energies ∆Grel in the gas phase and chloroform on 
HF/6-31+G(d) level. 

 
 

R CH3 Ph 

ε=1.0 ε=4.8 ε=1.0 ε=4.8 Process 
∆H≠ ∆G≠ ∆H≠ ∆G≠ ∆H≠ ∆G≠ ∆H≠ ∆G≠ 

VII → TS VIII 37.04 39.64 30.46 32.81 42.92 47.38 38.90 41.25 

Table 1.15 Computed activation enthalpies ∆Η≠  (including ZPE) and Gibbs free energies ∆G≠  in 
vacuo and solution (chloroform). 
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Figure 1.20 Reaction mechanisms leading to thione and thiol tautomeric form of thiourea. 

 
 

 

Figure 1.21 Intermediate II: Electrostatic potential mapped to the electron density. 
Red color corresponds to the negative electrostatic potential. 

 
Modeling based on this assumption led indeed to the new transition state TS VII (Figure 

1.22). 
 

 

 

 

 

 

 

 

 

 Figure 1.22 Transition state 
geometry TS VIIa 

Figure 1.23 Thiol tautomer VIIa of 
thiourea 
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The reaction can proceed in two directions producing thione or thiol thiourea tautomer, 

respectively. Interestingly, calculations showed that both processes have essentially the 

same activation enthalpies and Gibbs free energies for the methyl derivate (Table 1.16, 

Figure 1.24) and the reaction should proceed with the same rate in both directions. In the 

case of Phenyl isothiocyanate is the situation different. The values of computed activation 

barriers support the hypothesis about the preference of the “thiol branch” of the reaction 

(Table 1.16) – activation enthalpies for II→TS VII are lower in both environments 

compared to II→TS II process. Despite the fact, that thione tautomer III is more stable 

(Figure 1.24), considering the transformation to the final spirocompound X, the reaction 

is in both cases exothermic and also spontaneous (Tables 1.13, 1.14).  
 

R CH3 Ph 

ε=1.0 ε=4.8 ε=1.0 ε=4.8 Process 
∆H≠ ∆G≠ ∆H≠ ∆G≠ ∆H≠ ∆G≠ ∆H≠ ∆G≠ 

II→TS VII 26.59 26.50 36.20 35.84 25.88 26.07 36.91 37.94 

II→TS II 26.89 26.65 34.42 34.67 32.56 33.96 41.18 44.13 

Table 1.26 Comparison of activation energies ∆Ε≠  (including ZPE) and Gibbs free energies for the 
concurrent reaction pathways on HF/6-31+G(d) level. 
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Figure 1.24 Thione ↔ thiol reaction course suggested by PCM HF/6-31+G(d) calculations. 
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This process drew more attention and transition states TS II, TS VII and local minima II, 

III and VII were also calculated in the gas phase on B3LYP/6-31+G* level to obtain 

more reliable thermochemistry informations, since the accuracy of desired parameters 

(rate constant k and equilibrium constant K) strongly depend on the accuracy of the 

method used for free energy computation56.  

The rate constants have been modeled using the following equation from the transition 

state theory20: 
 

( ) RT
G

B e
h
TkTk

≠∆
−

=  

 

where kB is the Boltzmann constant, h Planck’s constant, R is the gas constant, T is 

temperature and ∆G≠ is the change in the free energy of activation. 

Computed enthalpies of activation are virtually the same (Table 1.17); this result can 

explain the detection of the spirocyclic product in the early stages of the reaction (Figure 

1.13). 
 

R CH3 Ph 

Process ∆H≠ ∆G≠ k ∆H≠ ∆G≠ k 
II→TS II 15.61 16.76 3.20 15.77 17.05 1.96 

II→TS VII 15.59 15.26 40.04 15.78 16.43 5.53 

Table 1.17 Rate constants in the gas phase on B3LYP/6-31+G(d) at 298.15 K. Rate constants 
are in s-1, ∆H and ∆G are in kcal/mol. 

 

To investigate the equilibrium between thiourea III, intermediate II and isothiourea VII, 

the equilibrium constant K has also been calculated using the formula (Table 1.18): 

 
RTGeK /∆−=  

 

Presented kinetic data show that the reaction proceeds faster towards the thiol tautomer. 

On the other hand, the thione tautomer is energetically more stable and the values of 

equilibrium constants show the preference for the thione thiourea tautomer relative to the 

thiol one, respectively (Table 1.18). However, the thiourea intermediate III is not reactive 
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and represents the ‘dead end’ of the reaction. Only its thiol form seems to be reactive 

enough to facilitate the final spirocyclisation. Whether this tautomerism occurs via the 

intermediate II or some other process takes place, remains unknown and would require 

further investigation.   

R CH3 Ph 

Process ∆H ∆G K ∆H ∆G K 

VII ↔ III -58.89 -51.85 1.22 x 109 -48.33 -43.60 4.36 x 
107 

Table 1.18 Equilibrium constants in the gas phase on B3LYP/6-31+G(d) at 298.15 K. ∆H and 
∆G values are in kJ/mol. 

 
As the reaction advances and final ring closure occurs, the formed spirocyclic compound 

becomes energetically more stable and is the product of this reaction (Figure 1.25). 
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Figure 1.25 Suggested reaction scheme 
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1.9 Summary 
 

In the light of experimental observations and theoretical calculations it is possible to draw 

the following conclusions about the reaction mechanism: 

 

1. Initial nucleophilic addition of acridin-9-ylmethylamine occurs across the N=C 

bond of the corresponding isothiocyanate. 

2. Reaction proceeds via the zwitterionic intermediate II, which can be stabilized by 

the proton transfer to the nitrogen or sulphur atom of the isothiocyanate moiety, 

producing thione or thiol tautomer of (acridin-9-ylmethyl)-3-methyl (phenyl) 

thiourea, respectively.  

3. Only thiol intermediate is reactive enough and can further undergo cyclization 

yielding the spirocyclic product (spiro[dihydroacridine-9(10H),5’-imidazoline]-

2’-thiones). The driving force of this transformation is the higher thermodynamic 

stability of the product relative to the concurrent thiourea intermediate (Figure 

1.24, 1.19). 
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2 Computational Investigation of Thymine Dimers 
Incorporated into the DNA double strand 

 

 

2.1 DNA Structure 
 

Deoxyribonucleic acid (DNA) is a nucleic acid, which is capable of carrying genetic 

instructions for the biological development of all cellular forms of life and many viruses. 

Nucleic acid, so called because of its prevalence in cellular nuclei, is a generic name of a 

family of biopolymers. The monomers are called nucleotides, and each consists of three 

components: a nitrogenous heterocyclic base (either a purine or a pyrimidine), a pentose 

sugar, and a phosphate group. The two basic types of nucleic acids differ in the specific 

sugar found in their chain (e.g. DNA or deoxyribonucleic acid contains 2-deoxyriboses). 

The nitrogenous bases occurring in the two nucleic acids can also be diverse: adenine, 

cytosine, and guanine are  found both in RNA and DNA, while thymine occurs 

exclusively in DNA and uracil in RNA. 

The sugars and phosphates in nucleic acids are connected to each other in an alternating 

chain through shared oxygens (forming a phosphodiester functional group). Using the 

conventional nomenclature, the carbons to which the phosphate groups are attached are 

the 3' and the 5' carbons. The bases extend from a glycosidic linkage to the 1' carbon of 

the pentose ring. 

Nucleic acids may be single-stranded or double-stranded. DNA is usually double-

stranded, though some viruses have single-stranded DNA as their genome. A double-

stranded nucleic acid consists of two single-stranded nucleic acids held together by non-

covalent interactions such as hydrogen bonds, electrostatics and base stacking 

interactions. The electrostatic interactions are due to the negatively charged phosphate 

groups, which repel each other. These are partially neutralized by the presence of cations 

such as Na+, K+, and Mg2+ .There are three H-bonds between the G-C base pair and 2 H-

bonds between the A-T base pair (Figure 2.1). They contribute to the overall net 

stabilization of the DNA structure. The interactions between the aromatic rings of the 

bases (π-stacking) play a crucial role in the overall net stabilization of the double strand.  
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Figure 2.1 

 

The spatial structure of the DNA resembles that of a ladder, twisted into a double helix 

form (Figure 2.2). 
 

 

Figure 2.2 
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The DNA helix can assume one of three slightly different geometries, of which the "B" 

form described by James D. Watson and Francis Crick is believed to predominate in 

cells. The two other known double-helical forms of DNA, called A and Z, differ slightly 

in their geometries and dimensions. The A form is likely to occur only in dehydrated 

samples of DNA. Segments of DNA methylated by cells for regulatory purposes may 

adopt the Z geometry, in which the strands turn about the helical axis like a mirror image 

of the B form57 (Figure 2.3).  

 

B-DNA Z-DNA A-DNA 

Major Groove 

Minor Groove 

 

Figure 2.3 DNA conformations 

 

The glycosidic bonds of a DNA base pair are the boundaries to define major and minor 

grooves. The major groove covers a larger angle than the minor groove. In B-DNA, the 

major groove is the richer of the two grooves of the duplex DNA, both in the information 

content, and in its ability to facilitate the discrimination of different DNA sequences. The 

latter property is essential for the recognition of appropriate sequences by proteins. Thus, 

the major groove is generally the site of direct information readout. The minor groove is 

an important target for a few regulatory and structural proteins, especially those that are 

able to deform DNA so that the minor groove becomes greatly expanded. 



Structural Analysis of the DNA 
    

64

2.2 Structural Analysis of the DNA 
 

Owing to a large number of base pairs constituting the genome (over two billion in the 

case of a human DNA), the DNA is subject to many modifications. Some examples of 

these modifications are methylation, strand scission, depurination, and 

photodimerization58. Such damages compromise the genetic information and lead to cell 

death in most cases. 

It is very important to maintain the integrity of the genetic material to ensure the survival 

of the cell. In order to understand the deformations, it is necessary to define different 

motions of the base-pairs relative to each other. These motions have been defined by 

Dickerson59. Base pairs are presented in a schematic way in order to simplify the 

analysis. They are presented as rigid blocks and six parameters are required to describe 

exactly the position and orientation of one of them relative to another. The two sets of 

local parameters are commonly used for a nucleic acid conformation analysis: step 

parameters, which relate sequential base pairs and the two complementary base pair 

parameters (Figure 2.4). The first three step parameters (Shift, Slide and Rise) describe 

the movements of the two conjugated base-pairs simultaneously; the other three step 

parameters correspond to the rotations of the base-pairs relative to the consecutive base-

pairs (Tilt, Roll and Twist). Buckle and Propeller Twist are base pair parameters that 

define the rotations of the complementary bases relative to each other. In general, the six 

torsional angles are necessary to properly describe the sugar-phosphate backbone of the 

nucleic acids (Figure 2.5). 

Two types of DNA deformations are described in this work: general deformations 

imposed to the curvature of the DNA and local deformations of the base pairs. Two 

programs are used to analyze the deformation of DNA strands and nucleotides 

movements: CURVES60 and X3DNA61. CURVES and X3DNA generate step parameters 

and helical parameters. X3DNA generates a block representation of base-pairs whereas 

CURVES only gives numerical values. An average structure of the DNA can be extracted 

form the trajectory files with the use of the PTRAJ program. With an average structure at 

hand, one can then proceed to the analysis of the DNA deformations. 
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Figure 2.4 Step parameters and complementary base pair parameters 
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Figure 2.5 Definition of the torsional angles 

 

 

 



Excess Electron Transport through DNA 
    

67

3’- C G C G T A  A  A A  A  A A  T T  C G C G - 5’
G C G C A Tx T  T=T  T  T=T  A A G C G C 

3’- C G C G T A  A  A A  A  A A  T T  C G C G - 5’
G C G C A Tx T  T=T  T  T=T  A A G C G C 

2.3 Excess Electron Transport through DNA 
 

Over the last years, the group of Prof. Bernd Giese has been concerned with a charge 

transfer through a variety of DNA and peptide systems. One of the interesting research 

topics I had an opportunity to take part in was the investigation of a negative charge (an 

extra electron) transport through the DNA double helix. Recent experiments have 

suggested that electrons are able to travel through the DNA pyrimidine bases62, 63. The 

experimental study of the charge transfer through the DNA depends on the injection 

system, particularly on its reduction potential, and the detection system used. The 

condition for the detection system is that the charge detection has to be the fastest step of 

the whole process. To study the process of an electron transfer through the DNA, the 

group of Prof. Bernd Giese synthesized DNA double strands with the new injection 

system and the open-backboned thymine dimer detection system64 (Figure 2.6). The 

injection system introduces an extra electron into the DNA double strand upon 

irradiation. The electron moves through the thymine bases and it is eventually captured 

by the detection system, which leads to the cycloreversion and a strand break (Figure 

2.7).  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.6 Structure of the thymine dimer and the injector 
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The cleavage yielded two shorter DNA strands in a 1:1 ratio. To study how the thymine 

dimer cleavage competes with an electron transfer, the new double strand containing two 

thymine dimers was prepared (Figure 2.8) and used for the subsequent irradiation 

experiments. Contradictory to the suggested mechanism, when the distal dimer is cleaved 

only after the cycloreversion of the proximal dimer and thus cleavage yields are in a 1:1 

ratio, the experiments revealed more than double cleavage (11%) of the distal dimer in 

comparison with the proximal dimer cleavage (4.5%). These results indicate that the 

electron can migrate to the distal site without cleaving the proximal thymine dimer. 
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Figure 2.7 Process of the cycloreversion 
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Figure 2.8 Cleavage at the proximal and distal thymine dimer site 

 

This theory was supported by the detection of the double strand, where the proximal 

dimer remained intact (Figure 2.8). But the reason why does an electron move 

preferentially in one direction is still debatable.  

Molecular modeling was chosen as a tool for the investigation of the observed 

phenomenon. The molecular dynamics was the straightforward choice because of the 

direct access to the trajectories after simulation and its broad use for simulations of large 

systems like DNA and proteins. 
 

2.4 Empirical Force Field methods 
 

Force field (also known as molecular mechanics) refers to computational techniques, 

which use classical mechanics to analyze the structure and dynamics of molecular 

systems such as biological macromolecules, organic compounds, polymers, and 

materials. Molecular mechanics is usually used to perform calculations on systems 

containing large numbers of atoms. These systems are composed of atoms, the 

interactions of which are described by classical potential energy functions. Force field 

methods ignore the electronic motions and calculate the energy of a given system as a 

function of the positions of individual nuclei. A force field method can, in some cases, 

reach the minimum potential energy of a specific system as accurate as the highest level 

quantum chemical calculation in a fraction of computer time. However, molecular 

mechanics does not provide any electronic information about the molecular system. 



Empirical Force Field Methods 
    

70

Molecular mechanics is based on a rather simple model of interactions within the system 

with contributions from processes such as bond stretching, angle bending, the rotations 

around single bonds and non-bonded interactions (Figure 2.9). 

 

Ep = Ebond + Enon-bond 

 

 One of the energy expression commonly used in force field methods has the following 

form1:  
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where Ep stands for the potential energy. The first three terms describe the interaction 

between the pairs of bonded atoms (bonded interactions) as a harmonic potential: bonds, 

angles and dihedrals. Ki and Vn are constants, which are defined for each type of atom; l0, 

φ0, and γ are the reference values (equilibrium values) for each type of atom in the 

system. The fourth term represents the non-bonded interactions: van der Waals and 

electrostatic interactions, with εij being the well depth, σ the collision diameter (the 

separation for which the energy is equal to zero), r the actual distance between the two 

atoms i and j, qi, qj are the atom charges, ε0 the dielectric constant and rij the distance 

between the atoms i and j. The determination of the potential energy is performed by 

summing all energy terms in the potential energy form for the current configuration of the 

system. In order to define a force field, one needs to specify not only the functional form 

but also the parameters (i.e. constants such as Ki and Vn and σ). Parameterization plays a 

crucial role in molecular mechanics. A good parameter set should reproduce the 

experimental data and the parameter set should be complete and self-consistent. 

The force fields used in molecular modeling are primarily designed to reproduce 

structural and other properties (i.e. molecular spectra) and are accordingly parameterized 

in order to correctly reproduce the experimental data. If the experimental data are 
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difficult to obtain, the quantum chemical calculations are increasingly used to provide the 

missing data. 

Another important feature of a force field is the transferability of the functional form and 

parameters. “Transferability” means that the same set of parameters can be used to model 

a series of related molecules, rather than having to develop a new set of parameters for 

each individual molecule.  
 

 

Figure 2.9 Schematic representation of the key contributions to a force field 

 

 A concept common to most force fields is that of an atom type. Besides the initial 

configuration of the system, it is usually necessary to specify an atom type for each atom 

in the system. The atom type usually contains the information about the hybridization 

state and sometimes the neighboring environment of an atom. Most force fields 

distinguish between sp3 (tetrahedral geometry), sp2 (trigonal geometry) and sp-hybridized 

(linear geometry) carbon atoms. For example, the reference angle φ0 for the tetrahedral 

atom would be approximately 109.5° and that for a trigonal carbon would be near 120°. 

Force fields, which are designed for modeling specific classes of molecules (such as 
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proteins and nucleic acids); usually use more specific atom types than the general-

purpose force fields. 
 

2.4.1 Amber Force Field 
 

Molecular mechanics force fields are a key component underlying many investigations of 

protein-ligand interactions, drug design and other tasks1. The use of empirical parameters 

enables them to model conformational changes and non-covalent interaction energies 

relatively accurately. 

The basic tool in this study used for a simulation of a modified b-DNA is the program 

package called AMBER65. ”AMBER (an acronym for Assisted Model Building and 

Energy Refinement)” stands for two things: it is a force field for the molecular dynamics 

originally developed by Peter Kollman's group in the University of California, San 

Francisco66, 67. AMBER is also the name for the molecular dynamics simulation package 

associated with this force field, now coordinated by David A. Case at Scripps Research 

Institute. 

The AMBER force field was originally designed for small organic components of 

proteins and nucleic acids. Later, it has been extended to other systems such as polymers, 

proteins and DNA68, 69. The AMBER force field has been extensively applied for the 

simulations of proteins and DNA and it proved to be more reliable for longer simulation 

times than other force fields (CHARMM)70, 71.  
 

2.4.2 Molecular Dynamics 
 
One important application of the force fields is the molecular dynamics (MD), which 

simulates the motion of particles in a system by numerically solving the Newton's 

equations of motion to obtain information about time-dependent properties of the system. 

Newton's laws of motions: 

 

1. A body's center of mass remains at rest, or moves in a straight line (at a constant 

velocity, v), unless acted upon by a net outside force 
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0=
dt
dv  

 

2. The rate of change in momentum is proportional to the net force acting on the 

object and takes place in the direction of the force 

 

ma
dt
dvmF ==  

 

3. Whenever one body exerts force upon a second body, the second body exerts an 

equal and opposite force upon the first body 

 

The result of the integration of the Newton's equations is the trajectory that describes how 

the positions of the particles vary time. The trajectory is obtained by solving the 

following differential equation:    

 

( ) NirrrrV
td

dr
mF N

i
ii ,...,1...,, 3212

2

=−∇==  

 

This equation describes the motion of the particle i with Fi being the force acting upon 

this particle. From these calculations, the accelerations and velocities of each particle in 

the system can be derived. The total energy of the system (E) is the sum of the kinetic 

(Ek) and the potential energy (Ep), where Ep has one of the force field functional forms1.  

An important aspect is the conservation of the total energy. During the MD simulation, 

the total energy is expected to be constant (microcanonical or NVE ensemble). In 

practice, the energy fluctuates around the constant value.  

 

In general, the MD simulation run can be divided into four stages: 

 

I. Initialization of the positions and velocities of the particles: 



Empirical Force Field Methods 
    

74

The initial configuration of the system is usually provided by the user after the 

previous geometry optimization. 

The initial velocities are assigned by random selection from a Maxwell Boltzmann 

distribution at the specified temperature (Figure 2.10): 
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Figure 2.10 Maxwell Boltzmann distribution 

II. Equilibration around the desired temperature – velocity scaling 

Atomic velocities are multiplied by a factor that creates the target temperature. The 

temperature of the system is related to the average kinetic energy by the following 

relationship: 

 

∑ = NkTvm ii 2
3

2
1 2  

 

The scaling procedure can be described as follows: 

p(v) 
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a) Run MD for n steps 

b) Calculate kinetic energy each step ⇒ Ti 

c) Form time average 

∑= iT
n

T 1  

d) Compare 〈T〉 with the desired T 

e) Form  

λ±= 1
desired

T
T

 

 

f) Rescale the velocities: vi,scal. =λvi  

 

III. Production phase, the accumulation of data 

During the MD simulation, the atoms move according to the force acting upon 

them. Force is calculated at each step by differentiating the potential energy 

function. The trajectories are obtained by integrating the equations of motion using 

finite difference methods. The basic idea is that the equations of motion are turned 

into differential equations that can be solved iteratively. One among many 

integration schemes that is commonly used in MD simulation programs is the 

Velocity Verlet algorithm. The velocity Verlet method is commonly applied as a 

four-step procedure. The goal is to determine the new positions xi+1, velocities vi+1 

and accelerations ai+1 at time t+∆t, coming from the initial positions ri, velocities vi 

and accelerations ai at time t. 

 

 

a) The positions at time t+∆t are calculated according to the following equation: 

2
1 2

1 tatvrr iiii ∆+∆+=+  
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b) Velocities at time tt ∆+
2
1  are then determined: 

2

2
1 2

1 tavv iii
∆+=

+
 

 

c)  Forces are calculated from the new positions (by differentiating the potential 

energy function) giving the accelerations ai+1 at  t+∆t : 

 

111 )( +++ =−∇= iii maxVf  

 

d) Finally, the velocities at time t+∆t are computed: 

 

tavv iii ∆+= +
+

+ 1
2
11 2

1  

 

IV. Data analysis 

MD produces a set of configurations along the trajectory, which can be used to 

create “movies”. The visualization of the trajectories provides the user with the 

`real-time` picture of the particles movements over the simulation run, hence giving 

a better insight into the process of interest. 

 

Besides the trajectories, MD provides other important macroscopic (total energy, 

heat capacity, pressure, temperature etc.) as well as microscopic properties 

(diffusion function, thermal conductivity, infrared spectra etc.).   

 

A disadvantage of conventional molecular dynamics procedures is that they can 

only tackle simulations with a relatively short time scale - few nanoseconds is the 

approximate upper limit with current computers. In this study, the molecular 

dynamics simulations were carried out on the department cluster BoB (220 pentium 

processors) at the Notre Dame University. The high performance of this cluster 

allowed for the simulation time scale up to four nanoseconds. 
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2.5 Molecular Dynamic Simulation of the Modified DNA 
Structure 

 

The model of the B-DNA double strand with two CPD sites and the injector was 

generated with the InsightII program (Figure 2.11).  

 

Figure 2.11 Model of the B-DNA with two CPD lesions and an injector site 
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The created file in the pdb format was imported to the “Xleap” module of the AMBER 7 

package. The missing atom types and charges of the CPD were taken from the ab-initio 

calculations of Kollman et al.72 (Figure 2.14). The new charges for the free hydroxyl 

groups of the CPD units were obtained from additional calculations on the B3LYP 

density functional level (B3LYP/6-31+G*) using CHelpG partitioning scheme73. 
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Figure 2.14 CPD parameters 

 

The final file was than used to create the input topology (prmtop) and coordinate (inpcrd) 

files. MD simulations with the model of 18 base pairs surrounded by water molecules 

(TIP3 model) and 32 Na+ counterions (box size ~ 48*47*87 A) were than performed 

using the AMBER7 package for time of 4 nanoseconds.  

The molecular dynamic calculations were carried out at constant temperature T=300K 

and constant pressure for the periodic boundary conditions (1 bar). For the treatment of 

the long-range electrostatic interactions, the Particle Ewald Mesh (PME) method74 was 

used. The PME method is based on the Ewald summation method, in which the particle 

interacts with other particles in the simulation box and all of their images in an infinite 

array of periodic cells. The Ewald method divides the charge-charge contribution to the 

potential energy into two rapidly converging series – the summation in the `real` and 

`reciprocal` space and two correction terms. There are numbers of modifications of the 

Ewald method, which implement the fast Fourier transformation in order to speed up the 

calculation. These methods replace the point charges with their continuous coordinates by 

a grid charge distribution. Proceeding from this gridded charge density, one can calculate 

the potential at each of the particles using the fast Fourier transformation.  
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The Ewald sum is probably the best method developed up to date to accurately model 

long-range interaction in the simulation. It has been successfully used in the simulations 

of highly charged systems as well as large polar molecular systems such as DNA and 

proteins.  
 

2.5.1 Computational Methodology 
 

An important part of every molecular dynamics simulation is the equilibrium phase. 

Before a free molecular dynamics run can commence, a careful equilibration is often 

necessary. The aim of the equilibration phase is to eliminate any strain from the starting 

structure, which is usually imposed during the construction of the initial configuration of 

the system. Especially in the case of inhomogeneous systems, an equilibration process is 

desired, during which the solvent molecules are allowed to equally distribute around the 

solute (e.g. simulations of the DNA in the aqueous solutions). 

In this study, we used the following equilibration strategy: in the first minimisation 

procedure, all surrounding water molecules were allowed to relax in order to better adapt 

to the potential of the solute (DNA double strand). During this minimisation, all heavy 

atoms of the DNA were ‘frozen` using the constraint of 5000 kcal/mol. The molecule of 

DNA was than relaxed with the special attention paid to the region surrounding the CPD 

sites. The four adjacent base pairs (T5-A32, T6-A32, A12-T25, A13-T24) and the base pair 

between the two CPD units (A9-T28) were frozen using the constraint of 50 kcal/mol. This 

constraint was than gradually removed in four subsequent minimisation steps (Figure 

2.15). The same procedure of freezing base pairs surrounding the CPD lesions was used 

in the short consecutive MD equilibration simulations for time period of 100ps (Figure 

2.16). The only difference was the longer simulation time of 1ns for the solvent 

relaxation phase. 
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Figure 2.15 Description of the minimisation procedure 

 

 

 

Figure 2.16 Description of the MD equilibration procedure 

 

 

The thoroughly equilibrated structure of the modified B-DNA was than finally used as an 

input for the production phase of the simulation for time period of 4 nanoseconds.  
 

2.5.2 MD simulation 
 

After a molecular dynamics simulation, it is always necessary to check if the calculation 

was stable and no errors occurred. There are several so called control parameters which 

provide the information about the behaviour of the system during the simulation. The 

density informs about the distribution of the solvent molecules (water in this case) around 
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the solute (DNA molecule). The density value close to one indicates a good uniform 

distribution of water molecules around the DNA molecule. The variation of the density 

over the simulation can be visualized by plotting the immediate density values against 

time. The density plot in the Figure 2.17 showed very small fluctuations around 1.06 ± 

0.01 what corresponds to an isotropic solvent distribution. 
 

 

Figure 2.17 Variation of the density during the production phase 

    

Another useful indicator of the convergence is the total energy of the system. The total 

energy is the sum of the kinetic and the potential energy and is expected to fluctuate 

around a constant value (Figure 2.18). 
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During the production phase, the total energy of the entire system (DNA, couterions, 

water molecules) remained stable at -43100 ± 100 kcal/mol. Considering the size of the 

system (~ 14 100 atoms), the simulation was assumed to be stable.  

The root mean square deviation (RMSD) is a useful indicator of the extent, to which we 

have drifted during the dynamics. The RMSD reflects the deviation of each frame in the 

trajectory compared to the first frame in the trajectory, thus indicating any major 

structural changes (e.g. conformational changes, B ⇔ A transitions of the DNA, 

denaturation, unfolding of the proteins). The plot of RMSD variation during the dynamics 

run showed only small fluctuations (the largest RMSD was 4.5 Å) for DNA double strand 

containing 1168 atoms (Figure 2.19). 

Figure 2.18 Variation of the total energy during the 
production phase
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From the observed RMS deviations during the simulation can be concluded that the 

structure was reasonably converging.   

 

2.5.3 Structural Analysis 
 

The aim of this MD simulation was to investigate the structural changes at the CPD sites 

and the deformations of the adjacent base pairs. In order to study the deformed DNA 

structure, an average structure was extracted from the trajectory files after the production 

run (Figure 2.20). With an average DNA structure at hand, it was possible to proceed to a 

more detailed analysis of global and local deformations of the B-DNA double strand 

caused by two CPD units. In the Figure 2.21, an average structure form the simulation is 

compared with the standard B-DNA (Dickerson dodecamer59). A strong effect of CPD 

sites on the general curvature of the DNA double strand is obvious from the displayed 

Figure 2.19 Variation of the RMSD during the production phase 
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structure. According to the previous X-Ray, NMR and theoretical studies75-77 with only 

one CPD, the incorporation of the thymine dimer results in a sharper bend and the kink of 

the helical axis. 
 

 

Figure 2.20 Average structure of the DNA after 4ns MD simulation 

 

This deformation is even more pronounced in the step representation created with the 

X3DNA program (Figure 2.22).  

In the next phase, the local deformations in the CPD region were investigated. The 

analysis of the central segment of the DNA strand revealed considerable changes in 

helical as well as local base pair parameters. The Figure 2.22 shows the local base pair 

parameters obtained from the X3DNA program.  
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Figure 2.21 Comparison of the standard and the modified B-DNA 

 

 

 

Figure 2.22 Step representations of the standard B-DNA (left) and the modified DNA (right) 
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Local base pair step parameters Local base pair parameters

 

 

 

Figure 
2.23 
Param
eters 
for the 
base 
pairs 
around 
the 
CPD 
region 

 

From 

the 

Figur

e 2.23 is evident that both CPD units induce very similar deformation to the adjacent base 

pairs. The parameter change on both sides of thymine dimers is of particular interest. The 

propeller angles of the A7-T30 and A10-T27 base pairs, which are on the 3’ side of the 

dimers, show reduced angles of -2.4° and -4.8°, respectively. On the other hand, the 

values of the buckle angles indicate greater distortion in the alignment of the A – T bases 

on the 5’ side of the CPD sites. This deformation is reflected in an unfavourable 

geometry of the corresponding hydrogen bonds. The analysis of the hydrogen bonds in 

the CPD lesion indeed revealed the loss of the hydrogen bonding on 5’ sides of both 

thymine dimers. While 3’ thymines maintain normal hydrogen bonds with 

complementary bases (Table 2.1), the hydrogen bonds on the 5’ side are longer then 

normal H-bonds and their orientation vectors are not in the proper plane (Figure 2.24), 

which is an agreement with the studies with one CPD57.  
 

Modified B-DNA 
Base pairs Tilt Twist 

T5/T6  2.7 22.7 
T6/A7 -8.8 41.3 
A7/A8 23.3 15.3 
A8/A9 -18.0 35.3 
A9/A10 -7.3 35.0 
A10/A11 23.8 15.3 
A11/A12 -18.9 39.2 
A12/A13 -2.1 37.1 

Dickerson Dodecamer 
Base pairs Tilt Twist 

A/T 2.8 34.2 
A/A 1.8 34.8 
T/T 3.0 35.4 

Modified B-DNA 

B. number Base 
pair Buckle Propeller 

5 --  32 T -- A -3.8 -8.0 
6 --  31 T -- A 7.7 -14.5 
7 --  30 A -- T 13.8 -2.4 
8 --  29 A -- T -24.0 -19.2 
9  -- 28 A -- T 11.6 -14.1 
10 -- 27 A -- T 15.0 -4.8 
11 -- 26 A -- T -21.9 -23.0 
12 -- 25 A -- T 6.2 -19.1 
13 -- 24 A -- Tx -3.3 -20.8 

Dickerson Dodecamer 
Base pair Buckle Propeller 

A -- T 5.0 -16.4 



Molecular Dynamic Simulation of the Modified DNA Structure 
    

87

 
 

Figure 2.24 Detail of the CPD site 

 
 

 

 

 

 

 
 

Table 2.1 Hydrogen bonds in the CPD sites 

 

This was an important observation since it can help to explain the unequal cleavage of the 

modified double strand upon irradiation. It is known that hydrogen bonds have a positive 

effect on the radical anion stability. In the light of this fact, it is reasonable to assume that 

the radical anions formed after the irradiation will prefer to stay at the 3’ thymine, where 

they are stabilized by the corresponding hydrogen bonds. An additional explanation for 

the observed phenomenon could be a different distance between the central thymine T28 

and the closest thymine of both CPD units (T27 and T29). The investigation of the 

H-Bond H-Bond 
Base pair 

N--H--N O--H—NH 
A7 – T30 1.8 1.7 
A8 – T29 2.0 2.2 
A9 – T28 1.7 1.8 
A10 – T27 1.8 1.7 
A11 – T26 2.0 2.0 
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2.2
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corresponding distances revealed that thymine T28 is closer to the thymine T29 than to the 

T27 (Figure 2.25). 
 

 

Figure 2.25 π-π interaction 

 

Bases Distance (Å) 

T28 -- T29 3.9 

T28 -- T27 4.4 

Table 2.2 Distances between the central thymine and the thymine of both CPD units 

 

This result can be interpreted in the following way. An electron released upon irradiation 

does not necessarily cleave the proximal dimer and is able to migrate to the central 

thymine T28. Due to the shorter distance to T29, it will then move preferentially in the 3` 

direction towards the T29, where it finally cleaves the distal thymine dimer. After the 

cleavage, the corresponding thymine radical anion is 

formed on the 3` side. The result of this process is thus a higher cleavage yield at the 

distal site. 
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2.6 Summary 
 

The structural influence of two thymine dimers on B-DNA double strand was 

investigated by carrying out molecular dynamic simulation with the Amber7 software 

package. The structural analysis of the final average DNA structure helped to shed light 

on the experimentally observed cleavage yields. The phenomenon of the unequal 

cleavage on the proximal and distal dimer sites can be explained in terms of local 

deformations of the DNA double strand. An electron formed after the irradiation of the 

DNA strand travels through the A:T base pairs until it is eventually trapped by the 

detection system (thymine dimer). After the cleavage of the cyclobutane ring of the 

thymine dimer, it will preferentially form a thymine radical anion on the 3’ position of 

the CPD site, due to the stabilizing effect of the hydrogen bonds between the 

complementary bases. 

 In the case of two thymine dimers, an electron does not necessarily have to cleave the 

proximal dimer first but it can migrate to the thymine between the CDP sites and than 

move with the higher probability in the 3’ direction due to the shorter distance to the 

distal thymine dimer. The subsequent cleavage yields the thymine radical anion on the 3’ 

position and induces the strand cleavage. The whole process hence leads to the higher 

cleavage yield at the distal 3’ site.    
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3 Summary of the work 
 
The goal of this PhD work was the application of tools of computational chemistry in 

various research areas of chemistry. 

 

The first chapter deals with the mechanism of the unusual spontaneous cyclization of 

Acridin-9-ylmethyl thioureas observed during the attempted synthesis of new 

spirocompounds based on the acridine skeleton. The reaction path simulations were 

performed using ab initio quantum chemistry methods. The new reaction mechanism was 

suggested, in which the thione tautomer of thiourea intermediate plays a crucial role and 

determines the course of the whole reaction. 

 

In the second part, structural aspects of the modified DNA double strand were 

investigated by means of molecular dynamics. Simulations shed light on the behaviour of 

the deformed double strand upon irradiation.  The observed phenomena can be explained 

in terms of local deformations caused by two CPD units, which cause the preference of 

the electron transfer in one direction. 

 

The goal of this theoretical study was to attempt to find answers to particular questions 

emerging during the practical experiments. In this regard, it was successful. I see it as a 

nice example of combining the experimental work with theoretical models in pursuing 

the common objective. As the science advances, more sophisticated problems are 

emerging. To address these questions, more complex approaches are required. And in my 

opinion, the computational chemistry has already established its firm and undisputable 

position as a powerful tool in the modern era of multi-disciplinary projects.   
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Appendix 
 
 
Hardware: 

The calculations were performed on a variety of computer platforms: 

Xeon Dual PC (2 x 1.7 GHz, Linux RedHat 8.0) 

Compaq XP1000 AlphaStation (500 MHz, Digital UNIX 4.0E) 

Linux Beowulf Cluster (Master 2 x 2.4 GHz Xeon CPUs, 36 Nodes 2 x 2.4 GHz Xeon 

CPUs, 16 Nodes 2 x 2.0 GHz Opteron CPUs, 8 Nodes 2 x 2.2 GHz Opteron CPUs, Linux 

RedHat 8.0) hosted by “Universitätsrechnungszentrum (URZ)” at the University of Basel 

NEC SX-5 (16 CPUs, theoretical peak performance of 128 GFlops, Super-UX R13.1) 

and HP-Cluster with 3 HP-N4000 (8 x 360 MHz, HP-UX 11.00) hosted by “Swiss Center 

of Scientific Computing (CSCS) in Manno, Switzerland 

BoB Beowulf Cluster (106 Nodes 2 x 2x 1.7 GHz Xeon CPUs), High Performance 

Computing Cluster (HPCC) (128 Nodes 2 x 3.06 GHz Xeon CPUs, 16 Nodes 2 x 2.2 

GHz AMD Opteron CPUs) hosted by “Office of Information Technology” at the Notre 

Dame University, USA 
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Interatomic parameter tables 
 
 

 
Methylisothiocyanate 

 
R(1-2) 1.426 A(2-1-3) 109.2 A(4-1-5) 109.8 
R(1-3) 1.081 A(2-1-4) 109.2 A(2-6-7) 179.9 
R(1-4) 1.081 A(2-1-5) 109.2   
R(1-5) 1.081 A(1-2-6) 179.9   
R(2-6) 1.147 A(3-1-4) 109.8   
R(6-7) 1.617 A(3-1-5) 109.8   

 
 

 
Phenylisothiocyanate 

 
R(1-2)          1.15 A(2-1-3)       179.9 A(6-8-13)       119.5 
R(1-3)          1.388 A(1-2-4)       180 A(11-7-12)     120.2 
R(2-4)          1.61 A(1-3-5)       119.3 A(7-11-8)       120 
R(3-5)          1.388 A(1-3-6)       119.3 A(7-11-14)     120 
R(3-6)          1.388 A(5-3-6)       121.4 A(11-8-13)     120.2 
R(5-7)          1.385 A(3-5-7)       119 A(8-11-14)     120 
R(5-9)          1.075 A(3-5-9)       119.9   
R(6-8)          1.385 A(3-6-8)       119   
R(6-10)        1.075 A(3-6-10)      119.9   
R(7-11)        1.388 A(7-5-9)       121.1   
R(7-12)        1.075 A(5-7-11)      120.3   
R(8-11)        1.388 A(5-7-12)      119.5   
R(8-13)        1.075 A(8-6-10)      121.1   
R(11-14)       1.075 A(6-8-11)      120.3   
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Acridin-9-ylmethyl amine 

 
R(1-2) 1.35 A(2-1-3)       120.6 A(12-16-20)   121 
R(1-3) 1.431 A(2-1-4)       120.1 A(12-16-22)   119.3 
R(1-4) 1.075 A(1-2-5)       121.3 A(13-15-21)   117.7 
R(2-5) 1.441 A(1-2-7)       118.9 A(17-14-18)   108 
R(2-7) 1.072 A(3-1-4)       119.3 A(17-14-19)   113.1 
R(3-6) 1.348 A(1-3-6)       120.3 A(14-17-23)   110.1 
R(3-8) 1.076 A(1-3-8)       119.3 A(14-17-24)   110.9 
R(5-9) 1.428 A(5-2-7)       119.8 A(18-14-19)   105.7 
R(5-10) 1.4 A(2-5-9)       117.7 A(15-21-25)   120.7 
R(6-9) 1.437 A(2-5-10)      124.1 A(15-21-27)   117.5 
R(6-11) 1.074 A(6-3-8)       120.4 A(20-16-22)   119.6 
R(9-13) 1.321 A(3-6-9)       120.8 A(16-20-25)   120.6 
R(10-12) 1.402 A(3-6-11)      121.9 A(16-20-26)   120.1 
R(10-14) 1.518 A(9-5-10)      118.2 A(23-17-24)   106.8 
R(12-15) 1.423 A(5-9-6)       119.3 A(25-20-26)   119.3 
R(12-16) 1.438 A(5-9-13)      123.2 A(20-25-21)   120.4 
R(13-15) 1.325 A(5-10-12)     118.1 A(20-25-28)   119.3 
R(14-17) 1.459 A(5-10-14)     121.6 A(25-21-27)   121.9 
R(14-18) 1.082 A(9-6-11)      117.3 A(21-25-28)   120.3 
R(14-19) 1.083 A(6-9-13)      117.5   
R(15-21) 1.436 A(9-13-15)     118.8   
R(16-20) 1.351 A(12-10-14)   120.3   
R(16-22) 1.072 A(10-12-15)   118.5   
R(17-23) 1.003 A(10-12-16)   123.4   
R(17-24) 1.003 A(10-14-17)   110.8   
R(20-25) 1.431 A(10-14-18)   109   
R(20-26) 1.075 A(10-14-19)   110   
R(21-25) 1.349 A(15-12-16)   118.1   
R(21-27) 1.075 A(12-15-13)   123   
R(25-28) 1.076 A(12-15-21)   119.2   
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TS Ia 

R(1-2)          1.441 R(23-30)       1.083 A(7-11-17)     118.2 
R(1-3)          1.351 R(23-31)       1.082 A(7-11-18)     124 
R(1-4)          1.074 R(24-32)       1.432 A(7-13-19)     113.8 
R(2-5)          1.426 R(24-33)       1.077 A(7-13-21)     110.8 
R(2-7)          1.402 R(25-32)       1.349 A(7-13-22)     110.7 
R(3-6)          1.432 R(25-34)       1.076 A(15-9-16)     153.1 
R(3-8)          1.077 R(32-35)       1.077 A(9-15-23)     123 
R(5-10)         1.437 A(2-1-3)       121.2 A(17-11-18)    117.8 
R(5-12)         1.324 A(2-1-4)       120.2 A(11-17-12)    123 
R(6-10)         1.349 A(1-2-5)       117.7 A(11-17-25)    119.3 
R(6-14)         1.077 A(1-2-7)       124 A(11-18-24)    121.2 
R(7-11)         1.402 A(3-1-4)       118.6 A(11-18-26)    120.1 
R(7-13)         1.521 A(1-3-6)       120.6 A(12-17-25)    117.6 
R(9-15)         1.203 A(1-3-8)       120 A(19-13-21)    107.8 
R(9-16)         1.647 A(5-2-7)       118.2 A(19-13-22)    107.8 
R(10-20)        1.076 A(2-5-10)      119.3 A(13-19-27)    112.1 
R(11-17)        1.426 A(2-5-12)      123 A(13-19-28)    112.1 
R(11-18)        1.441 A(2-7-11)      118.5 A(21-13-22)    105.7 
R(12-17)        1.324 A(2-7-13)      120.7 A(15-23-29)    108.3 
R(13-19)        1.463 A(6-3-8)       119.3 A(15-23-30)    112.2 
R(13-21)        1.078 A(3-6-10)      120.3 A(15-23-31)    108.3 
R(13-22)        1.078 A(3-6-14)      119.3 A(17-25-32)    120.8 
R(15-23)        1.459 A(10-5-12)    117.6 A(17-25-34)    117.4 
R(17-25)        1.437 A(5-10-6)      120.8 A(24-18-26)    118.7 
R(18-24)        1.351 A(5-10-20)    117.4 A(18-24-32)    120.6 
R(18-26)        1.074 A(5-12-17)    119 A(18-24-33)    120 
R(19-27)        1.007 A(10-6-14)    120.4 A(27-19-28)    106.1 
R(19-28)        1.007 A(6-10-20)    121.8 A(29-23-30)    109.7 
R(23-29)        1.082 A(11-7-13)    120.8 A(29-23-31)    108.4 
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IIa 

 
R(1-2)          1.441 R(20-29)       1.077 A(5-9-17)      117.5 
R(1-3)          1.351 R(21-26)       1.349 A(5-11-14)     119.5 
R(1-4)          1.074 R(21-30)       1.076 A(9-6-13)      120.5 
R(2-5)          1.427 R(22-27)       1.249 A(6-9-17)      121.9 
R(2-7)          1.4 R(22-28)       1.724 A(10-7-12)     120.7 
R(3-6)          1.432 R(26-32)       1.077 A(7-10-14)     117.8 
R(3-8)          1.077 R(27-31)       1.449 A(7-10-15)     124.5 
R(5-9)          1.437 R(31-33)       1.085 A(7-12-16)     111.5 
R(5-11)         1.323 R(31-34)       1.085 A(7-12-18)     112.4 
R(6-9)          1.349 R(31-35)       1.082 A(7-12-19)     112.2 
R(6-13)         1.077 A(2-1-3)       121 A(14-10-15)   117.7 
R(7-10)         1.4 A(2-1-4)       120.4 A(10-14-11)   122.9 
R(7-12)         1.514 A(1-2-5)       117.8 A(10-14-21)   119.4 
R(9-17)         1.076 A(1-2-7)       124.3 A(10-15-20)   121.1 
R(10-14)        1.428 A(3-1-4)       118.6 A(10-15-23)   120.4 
R(10-15)        1.441 A(1-3-6)       120.8 A(11-14-21)   117.7 
R(11-14)        1.323 A(1-3-8)       119.9 A(16-12-18)   106.3 
R(12-16)        1.501 A(5-2-7)       117.9 A(16-12-19)   106.6 
R(12-18)        1.077 A(2-5-9)       119.4 A(12-16-22)   112.9 
R(12-19)        1.076 A(2-5-11)      122.8 A(12-16-24)   110.6 
R(14-21)        1.437 A(2-7-10)      119.2 A(12-16-25)   110.6 
R(15-20)        1.351 A(2-7-12)      120.1 A(18-12-19)   107.4 
R(15-23)        1.074 A(6-3-8)       119.3 A(14-21-26)   120.7 
R(16-22)        1.508 A(3-6-9)       120.3 A(14-21-30)   117.4 
R(16-24)        1.015 A(3-6-13)      119.2 A(20-15-23)   118.5 
R(16-25)        1.015 A(9-5-11)      117.7 A(15-20-26)   120.8 
R(20-26)        1.432 A(5-9-6)       120.7 A(15-20-29)   119.9 
A(22-16-24) 108.5 A(21-26-32) 120.5 A(33-31-34) 107.9 
A(22-16-25) 107.2 A(27-22-28) 134.8 A(33-31-35) 109 
A(16-22-27) 110.9 A(22-27-31) 118.9 A(34-31-35) 109 
A(16-22-28) 114.4 A(20-26-21) 120.2 A(27-31-33) 111.2 
A(24-16-25) 106.7 A(20-26-32) 119.3 A(27-31-34) 111.1 
A(26-20-29) 119.3 A(26-21-30) 121.9 A(27-31-35) 108.7 
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Ts IIa 

R(1-2)          1.44 R(20-26)       1.431 A(3-6-13)      119.2 
R(1-3)          1.35 R(20-29)       1.075 A(9-5-11)      117.7 
R(1-4)          1.073 R(21-26)       1.348 A(5-9-6)        120.7 
R(2-5)          1.426 R(21-30)       1.074 A(5-9-17)      117.3 
R(2-7)          1.4 R(22-27)       1.284 A(5-11-14)      119.2 
R(3-6)          1.431 R(22-28)       1.674 A(9-6-13)      120.5 
R(3-8)          1.075 R(26-32)       1.075 A(6-9-17)      121.9 
R(5-9)          1.436 R(27-31)       1.442 A(10-7-12)      120.9 
R(5-11)         1.322 R(31-33)       1.085 A(7-10-14)      118 
R(6-9)          1.348 R(31-34)       1.085 A(7-10-15)      124.1 
R(6-13)         1.075 R(31-35)       1.081 A(7-12-16)      110.6 
R(7-10)         1.399 A(2-1-3)        121 A(7-12-18)      111.5 
R(7-12)         1.514 A(2-1-4)        120.2 A(7-12-19)      111.4 
R(9-17)         1.074 A(1-2-5)        117.8 A(14-10-15)    117.8 
R(10-14)        1.426 A(1-2-7)        124.1 A(10-14-11)    123 
R(10-15)        1.439 A(3-1-4)        118.8 A(10-14-21)    119.3 
R(11-14)        1.322 A(1-3-6)        120.8 A(10-15-20)    121.1 
R(12-16)        1.473 A(1-3-8)        119.9 A(10-15-23)    120 
R(12-18)        1.079 A(5-2-7)        118 A(11-14-21)    117.7 
R(12-19)        1.079 A(2-5-9)        119.3 A(16-12-18)    107.5 
R(14-21)        1.436 A(2-5-11)      123 A(16-12-19)    109.1 
R(15-20)        1.35 A(2-7-10)      118.8 A(12-16-22)    116.7 
R(15-23)        1.073 A(2-7-12)      120.3 A(12-16-24)    111.2 
R(16-22)        1.477 A(6-3-8)        119.3 A(18-12-19)    106.6 
R(16-24)        1.009 A(3-6-9)        120.3 A(14-21-26)    120.7 
A(14-21-30)    117.4 A(20-26-32)    119.3 A(27-31-34)    110.7 
A(20-15-23)    118.9 A(26-21-30)    121.9 A(27-31-35)    108.7 
A(15-20-26)    120.7 A(21-26-32)    120.4 A(33-31-34)    108.4 
A(15-20-29)    120 A(27-22-28)    135.9 A(33-31-35)    109.2 
A(22-16-24)    110.4 A(22-27-31)    124.8 A(34-31-35)    109.2 
A(16-22-27)    98.6 A(27-31-33)    110.7 A(20-26-21)    120.3 
A(16-22-28)    125.5 A(26-20-29)    119.3 
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IIIa 

R(1-2)          1.441 R(30-33)        1.085 A(14-10-15)     117.9 
R(1-3)          1.351 R(30-34)        1.085 A(10-14-11)     122.9 
R(1-4)          1.074 R(30-35)        1.08 A(10-14-21)     119.3 
R(2-5)          1.427 A(2-1-3)        121 A(10-15-20)     121 
R(2-7)          1.401 A(2-1-4)        120 A(10-15-23)     120 
R(3-6)          1.433 A(1-2-5)        117.9 A(11-14-21)     117.7 
R(3-8)          1.077 A(1-2-7)        124.1 A(16-12-18)     109.6 
R(5-9)          1.437 A(3-1-4)        119 A(16-12-19)     109.6 
R(5-11)         1.324 A(1-3-6)        120.7 A(12-16-22)     125 
R(6-9)          1.349 A(1-3-8)        120 A(12-16-24)     116.4 
R(6-13)         1.077 A(5-2-7)        118.1 A(18-12-19)     106.4 
R(7-10)         1.401 A(2-5-9)        119.3 A(14-21-25)     120.7 
R(7-12)         1.517 A(2-5-11)       122.9 A(14-21-29)     117.5 
R(9-17)         1.076 A(2-7-10)       118.8 A(20-15-23)     119 
R(10-14)        1.427 A(2-7-12)       120.6 A(15-20-25)     120.7 
R(10-15)        1.441 A(6-3-8)        119.3 A(15-20-28)     120 
R(11-14)        1.324 R(26-30)        1.451 A(22-16-24)     118.6 
R(12-16)        1.461 R(26-32)        1.002 A(16-22-26)     117.5 
R(12-18)        1.078 A(3-6-9)        120.4 A(16-22-27)     122.2 
R(12-19)        1.078 A(3-6-13)       119.2 A(25-20-28)     119.3 
R(14-21)        1.437 A(9-5-11)       117.8 A(20-25-21)     120.4 
R(15-20)        1.351 A(5-9-6)        120.7 A(20-25-31)     119.2 
R(15-23)        1.074 A(5-9-17)       117.5 A(25-21-29)     121.8 
R(16-22)        1.332 A(5-11-14)     119.2 A(21-25-31)     120.4 
R(16-24)        0.996 A(9-6-13)       120.4 A(26-22-27)     120.3 
R(20-25)        1.433 A(6-9-17)       121.8 A(22-26-30)     126.3 
R(20-28)        1.077 A(10-7-12)     120.6 A(22-26-32)     115.5 
R(21-25)        1.349 A(7-10-14)     118 A(30-26-32)     118.2 
R(21-29)        1.076 A(7-10-15)     124.1 A(26-30-33)     111.5 
R(22-26)        1.329 A(7-12-16)     109.5 A(26-30-34)     111.5 
R(22-27)        1.714 A(7-12-18)     110.8 A(26-30-35)     107.8 
R(25-31)        1.077 A(7-12-19)     110.8 A(33-30-34)     109.5 
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Ts Ib 

R(1-2)          1.441 R(32-35)        1.405 A(7-12-20)      110.9 
R(1-3)          1.35 R(32-37)        1.104 A(15-10-16)     117.7 
R(1-4)          1.073 R(33-36)        1.405 A(10-15-11)     123.1 
R(2-5)          1.427 R(33-38)        1.103 A(10-15-24)     119.3 
R(2-7)          1.401 R(35-39)        1.404 A(10-16-23)     121.1 
R(3-6)          1.432 R(35-40)        1.104 A(10-16-25)     120.1 
R(3-8)          1.075 R(36-39)        1.404 A(11-15-24)     117.6 
R(5-9)          1.437 R(36-41)        1.103 A(17-12-19)     107.6 
R(5-11)         1.321 R(39-42)        1.104 A(17-12-20)     107.4 
R(6-9)          1.348 A(2-1-3)        121 A(12-17-26)     111.2 
R(6-13)         1.075 A(2-1-4)        120.1 A(12-17-27)     112 
R(7-10)         1.401 A(1-2-5)        117.8 A(19-12-20)     106.3 
R(7-12)         1.518 A(1-2-7)        124.1 A(21-14-22)     152.7 
R(9-18)         1.074 A(3-1-4)        118.8 A(14-21-28)     121.4 
R(10-15)        1.426 A(1-3-6)        120.8 A(15-24-29)     120.8 
R(10-16)        1.441 A(1-3-8)        119.9 A(15-24-31)     117.1 
R(11-15)        1.322 A(5-2-7)        118.1 A(23-16-25)     118.8 
R(12-17)        1.466 A(2-5-9)        119.3 A(16-23-29)     120.8 
R(12-19)        1.079 A(2-5-11)       123.1 A(16-23-30)     119.9 
R(12-20)        1.078 A(2-7-10)       118.6 A(26-17-27)     108.5 
R(14-21)        1.21 A(2-7-12)       120.5 A(21-28-32)     120 
R(14-22)        1.644 A(6-3-8)        119.4 A(21-28-33)     119.9 
R(15-24)        1.436 A(3-6-9)        120.3 A(29-23-30)     119.3 
R(16-23)        1.35 A(3-6-13)       119.3 A(23-29-24)     120.3 
R(16-25)        1.073 A(9-5-11)       117.6 A(23-29-34)     119.3 
R(17-26)        1.003 A(5-9-6)        120.7 A(29-24-31)     122.1 
R(17-27)        1.003 A(5-9-18)       117.2 A(24-29-34)     120.4 
R(21-28)        1.5 A(5-11-15)     119.1 A(32-28-33)     120 
R(23-29)        1.431 A(9-6-13)       120.4 A(28-32-35)     120 
R(23-30)        1.076 A(6-9-18)       122.1 A(28-32-37)     120 
R(24-29)        1.348 A(10-7-12)     120.9 A(28-33-36)     120 
R(24-31)        1.074 A(7-10-15)     118.1 A(28-33-38)     120 
R(28-32)        1.404 A(7-10-16)     124.2 A(35-32-37)     120 
R(28-33)        1.405 A(7-12-17)     113.5 A(32-35-39)     120 
R(29-34)        1.075 A(7-12-19)     110.9 A(32-35-40)     120 
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Ts IIb 

R(1-2)          1.441 R(31-34)        1.405 A(7-12-16)      110.6 
R(1-3)          1.35 R(33-35)        1.404 A(7-12-18)      111.5 
R(1-4)          1.074 R(33-37)        1.104 A(7-12-19)      111.5 
R(2-5)          1.427 R(34-36)        1.404 A(14-10-15)     117.8 
R(2-7)          1.4 R(34-38)        1.103 A(10-14-11)     123.1 
R(3-6)          1.433 R(35-39)        1.405 A(10-14-21)     119.3 
R(3-8)          1.075 R(35-40)        1.104 A(10-15-20)     121.1 
R(5-9)          1.437 R(36-39)        1.404 A(10-15-23)     120.1 
R(5-11)         1.321 R(36-41)        1.104 A(11-14-21)     117.6 
R(6-9)          1.347 R(39-42)        1.104 A(16-12-18)     107.4 
R(6-13)         1.075 A(2-1-3)        121 A(16-12-19)     108.9 
R(7-10)         1.401 A(2-1-4)        120.2 A(12-16-22)     116.2 
R(7-12)         1.514 A(1-2-5)        117.8 A(12-16-24)     110.8 
R(9-17)         1.074 A(1-2-7)        124.2 A(18-12-19)     106.7 
R(10-14)        1.426 A(3-1-4)        118.8 A(14-21-26)     120.7 
R(10-15)        1.44 A(1-3-6)        120.8 A(14-21-30)     117.2 
R(11-14)        1.321 A(1-3-8)        119.9 A(20-15-23)     118.9 
R(12-16)        1.474 A(5-2-7)        118 A(15-20-26)     120.8 
R(12-18)        1.079 A(2-5-9)        119.3 A(15-20-29)     119.9 
R(12-19)        1.078 A(2-5-11)       123 A(22-16-24)     110.3 
R(14-21)        1.437 A(2-7-10)       118.8 A(16-22-27)     98.1 
R(15-20)        1.349 A(2-7-12)       120.2 A(16-22-28)     125.1 
R(15-23)        1.073 A(6-3-8)        119.3 A(26-20-29)     119.3 
R(16-22)        1.484 A(3-6-9)        120.3 A(20-26-21)     120.3 
R(16-24)        1.006 A(3-6-13)       119.3 A(20-26-32)     119.4 
R(20-26)        1.432 A(9-5-11)       117.7 A(26-21-30)     122.1 
R(20-29)        1.075 A(5-9-6)        120.7 A(21-26-32)     120.4 
R(21-26)        1.348 A(5-9-17)       117.2 A(27-22-28)     136.8 
R(21-30)        1.073 A(5-11-14)     119.2 A(22-27-31)     124.4 
R(22-27)        1.288 A(9-6-13)       120.4 A(27-31-33)     120 
R(22-28)        1.667 A(6-9-17)       122.1 A(27-31-34)     120 
R(26-32)        1.075 A(10-7-12)     121 A(33-31-34)     120 
R(27-31)        1.5 A(7-10-14)     118 A(31-33-35)     120 
R(31-33)        1.405 A(7-10-15)     124.2 A(31-33-37)     120 
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IIb 

R(1-2)          1.441 R(31-34)        1.388 A(7-12-18)      112.1 
R(1-3)          1.351 R(33-35)        1.387 A(7-12-19)      112.2 
R(1-4)          1.073 R(33-37)        1.077 A(14-10-15)     117.7 
R(2-5)          1.427 R(34-36)        1.389 A(10-14-11)     122.9 
R(2-7)          1.4 R(34-38)        1.077 A(10-14-21)     119.4 
R(3-6)          1.433 R(35-39)        1.39 A(10-15-20)     121.1 
R(3-8)          1.077 R(35-40)        1.077 A(10-15-23)     120.5 
R(5-9)          1.437 R(36-39)        1.387 A(11-14-21)     117.7 
R(5-11)         1.323 R(36-41)        1.077 A(16-12-18)     106.2 
R(6-9)          1.349 R(39-42)        1.077 A(16-12-19)     106.6 
R(6-13)         1.077 A(2-1-3)        121 A(12-16-22)     112.1 
R(7-10)         1.4 A(2-1-4)        120.4 A(12-16-24)     110.8 
R(7-12)         1.514 A(1-2-5)        117.8 A(12-16-25)     110.6 
R(9-17)         1.076 A(1-2-7)        124.4 A(18-12-19)     107.5 
R(10-14)        1.427 A(3-1-4)        118.6 A(14-21-26)     120.7 
R(10-15)        1.441 A(1-3-6)        120.8 A(14-21-30)     117.4 
R(11-14)        1.323 A(1-3-8)        119.9 A(20-15-23)     118.5 
R(12-16)        1.502 A(5-2-7)        117.8 A(15-20-26)     120.8 
R(12-18)        1.077 A(2-5-9)        119.4 A(15-20-29)     119.9 
R(12-19)        1.076 A(2-5-11)       122.9 A(22-16-24)     108.6 
R(14-21)        1.437 A(2-7-10)       119.2 A(22-16-25)     107.6 
R(15-20)        1.351 A(2-7-12)       120.4 A(16-22-27)     110.1 
R(15-23)        1.074 A(6-3-8)        119.3 A(16-22-28)     113.8 
R(16-22)        1.515 A(3-6-9)        120.3 A(24-16-25)     107 
R(16-24)        1.014 A(3-6-13)       119.2 A(26-20-29)     119.3 
R(16-25)        1.015 A(9-5-11)       117.7 A(20-26-21)     120.2 
R(20-26)        1.432 A(5-9-6)        120.7 A(20-26-32)     119.3 
R(20-29)        1.077 A(5-9-17)       117.4 A(26-21-30)     121.9 
R(21-26)        1.349 A(5-11-14)     119.5 A(21-26-32)     120.5 
R(21-30)        1.076 A(9-6-13)       120.5 A(27-22-28)     136.1 
R(22-27)        1.251 A(6-9-17)       121.9 A(22-27-31)     121.4 
R(22-28)        1.715 A(10-7-12)     120.5 A(27-31-33)     120.1 
R(26-32)        1.077 A(7-10-14)     117.8 A(27-31-34)     120.1 
R(27-31)        1.412 A(7-10-15)     124.5 A(33-31-34)     119.6 
R(31-33)        1.392 A(7-12-16)     111.8 A(31-33-35)     120.1 
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IIIb 

R(1-2)          1.437 R(24-29)        1.337 A(5-11-13)      118.8 
R(1-3)          1.349 R(29-31)        1.43 A(5-11-15)      120.6 
R(1-4)          1.076 R(29-32)        1.005 A(9-6-12)       120 
R(2-5)          1.427 R(31-33)        1.389 A(6-9-16)       119 
R(2-7)          1.324 R(31-34)        1.389 A(7-10-13)      123 
R(3-6)          1.433 R(33-35)        1.388 A(7-10-14)      117.7 
R(3-8)          1.077 R(33-37)        1.077 A(13-10-14)     119.3 
R(5-9)          1.441 R(34-36)        1.388 A(10-13-11)     118 
R(5-11)        1.4 R(34-38)        1.077 A(10-13-18)     117.9 
R(6-9)          1.351 R(35-39)        1.389 A(10-14-17)     120.7 
R(6-12)        1.077 R(35-40)        1.077 A(10-14-20)     117.5 
R(7-10)        1.324 R(36-39)        1.389 A(13-11-15)     120.6 
R(9-16)        1.074 R(36-41)        1.077 A(11-13-18)     124.1 
R(10-13)      1.427 R(39-42)        1.077 A(11-15-19)     109.4 
R(10-14)      1.437 A(2-1-3)        120.7 A(11-15-21)     110.8 
R(11-13)      1.401 A(2-1-4)        117.5 A(11-15-22)     110.8 
R(11-15)      1.517 A(1-2-5)        119.3 A(13-18-23)     121 
R(13-18)      1.441 A(1-2-7)        117.7 A(13-18-25)     120 
R(14-17)      1.349 A(3-1-4)        121.8 A(17-14-20)     121.8 
R(14-20)      1.076 A(1-3-6)        120.3 A(14-17-23)     120.4 
R(15-19)      1.46 A(1-3-8)        120.4 A(14-17-26)     120.4 
R(15-21)      1.078 A(5-2-7)        123 A(19-15-21)     109.7 
R(15-22)      1.078 A(2-5-9)        117.9 A(19-15-22)     109.7 
R(17-23)      1.433 A(2-5-11)       118 A(15-19-24)     125.1 
R(17-26)      1.077 A(2-7-10)       119.2 A(15-19-27)     117.1 
R(18-23)      1.351 A(6-3-8)        119.2 A(21-15-22)     106.4 
R(18-25)      1.074 A(3-6-9)        120.7 A(23-17-26)     119.2 
R(19-24)      1.329 A(3-6-12)       119.3 A(17-23-18)     120.7 
R(19-27)      0.997 A(9-5-11)       124 A(17-23-30)     119.3 
R(23-30)      1.077 A(5-9-6)        121 A(23-18-25)     119 
R(24-28)      1.711 A(5-9-16)       120 A(18-23-30)     120 
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Ts IIIa 

R(1-2)          1.437 R(20-33)       1.084 A(10-15-29)    111.6 
R(1-6)          1.348 R(20-34)       1.088 A(10-15-30)    111.5 
R(1-28)         1.074 R(20-35)       1.083 A(12-11-24)    122.2 
R(2-3)          1.427 A(2-1-6)        120.8 A(11-12-13)    120.3 
R(2-7)          1.321 A(2-1-28)      117.1 A(11-12-23)    120.4 
R(3-4)          1.441 A(1-2-3)        119.4 A(13-12-23)    119.3 
R(3-10)         1.401 A(1-2-7)        117.5 A(12-13-14)    120.9 
R(4-5)          1.35 A(6-1-28)      122.1 A(12-13-21)    119.4 
R(4-25)         1.073 A(1-6-5)        120.2 A(14-13-21)    119.7 
R(5-6)          1.432 A(1-6-27)      120.5 A(13-14-22)    118.8 
R(5-26)         1.075 A(3-2-7)        123.1 A(16-15-29)    107.6 
R(6-27)         1.075 A(2-3-4)        117.6 A(16-15-30)    106.6 
R(7-8)          1.322 A(2-3-10)      117.9 A(15-16-31)    110.2 
R(8-9)          1.427 A(2-7-8)        119.2 A(15-16-32)    110.9 
R(8-11)         1.436 A(4-3-10)      124.6 A(29-15-30)    106.8 
R(9-10)         1.401 A(3-4-5)        121.2 A(31-16-32)    107.6 
R(9-14)         1.441 A(3-4-25)      120.2 A(18-17-19)    139.9 
R(10-15)        1.516 A(3-10-9)      118.8 A(17-19-20)    132.6 
R(11-12)        1.348 A(3-10-15)     121.1 A(19-20-33)    109.2 
R(11-24)        1.074 A(5-4-25)      118.6 A(19-20-34)    114.6 
R(12-13)        1.432 A(4-5-6)        120.8 A(19-20-35)    109 
R(12-23)        1.075 A(4-5-26)      119.9 A(33-20-34)    108.4 
R(13-14)        1.35 A(6-5-26)      119.3 A(33-20-35)    107.5 
R(13-21)        1.075 A(5-6-27)      119.3 A(34-20-35)    108 
R(14-22)        1.074 A(7-8-9)        123 
R(15-16)        1.481 A(7-8-11)      117.7 
R(15-29)        1.078 A(9-8-11)      119.4 
R(15-30)        1.078 A(8-9-10)      118 
R(16-31)        1.004 A(8-9-14)      118 
R(16-32)        1.005 A(8-11-12)     120.6 
R(17-18)        1.685 A(9-14-13)     120.8 
R(17-19)        1.218 A(9-14-22)     120.4 
R(19-20)        1.431 A(10-15-16)    112.3 
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IVa 

R(1-2)          1.441 R(19-34)       1.092 A(9-14-13)      120.8 
R(1-6)          1.35 R(19-35)       1.085 A(9-14-28)      117.1 
R(1-22)         1.074 A(2-1-6)        120.7 A(12-11-25)    118.5 
R(2-3)          1.427 A(2-1-22)      120.6 A(11-12-13)    120.9 
R(2-7)          1.401 A(1-2-3)        118 A(11-12-26)    119.8 
R(3-4)          1.436 A(1-2-7)        124.1 A(13-12-26)    119.3 
R(3-10)         1.322 A(6-1-22)      118.7 A(12-13-14)    120.1 
R(4-5)          1.348 A(1-6-5)        121 A(12-13-27)    119.3 
R(4-24)         1.074 A(1-6-21)      119.6 A(14-13-27)    120.5 
R(5-6)          1.432 A(3-2-7)        117.8 A(13-14-28)    122.1 
R(5-23)         1.075 A(2-3-4)        119.4 A(16-15-29)    107.1 
R(6-21)         1.075 A(2-3-10)      122.9 A(16-15-30)    106 
R(7-8)          1.401 A(2-7-8)        119.1 A(15-16-17)    112.7 
R(7-15)         1.513 A(2-7-15)      119.8 A(15-16-31)    109.5 
R(8-9)          1.428 A(4-3-10)      117.7 A(15-16-32)    110.4 
R(8-11)         1.441 A(3-4-5)        120.6 A(29-15-30)    107.4 
R(9-10)         1.32 A(3-4-24)      117.2 A(17-16-31)    103.6 
R(9-14)         1.437 A(3-10-9)      119.4 A(17-16-32)    112.4 
R(11-12)        1.35 A(5-4-24)      122.2 A(16-17-18)    118.1 
R(11-25)        1.073 A(4-5-6)        120.3 A(16-17-20)    108.8 
R(12-13)        1.432 A(4-5-23)      120.4 A(31-16-32)    107.9 
R(12-26)        1.075 A(6-5-23)      119.3 A(18-17-20)    133.1 
R(13-14)        1.348 A(5-6-21)      119.4 A(17-18-19)    128.5 
R(13-27)        1.075 A(8-7-15)      121.1 A(18-19-33)    108.9 
R(14-28)        1.074 A(7-8-9)        117.7 A(18-19-34)    116.4 
R(15-16)        1.495 A(7-8-11)      124.7 A(18-19-35)    109 
R(15-29)        1.076 A(7-15-16)     111.3 A(33-19-34)    107.6 
R(15-30)        1.077 A(7-15-29)     112.4 A(33-19-35)    107.2 
R(16-17)        1.581 A(7-15-30)     112.2 A(34-19-35)    107.4 
R(16-31)        1.007 A(9-8-11)      117.6 
R(16-32)        1.006 A(8-9-10)      123 
R(17-18)        1.241 A(8-9-14)      119.4 
R(17-20)        1.712 A(8-11-12)     121.2 
R(18-19)        1.435 A(8-11-25)     120.3 
R(19-33)        1.084 A(10-9-14)     117.5 
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Ts IVa 

R(1-2)          1.437 R(20-34)       1.088 A(10-15-16)    111 
R(1-6)          1.348 R(20-35)       1.085 A(10-15-29)    110.9 
R(1-28)         1.074 A(2-1-6)        120.8 A(10-15-30)    111 
R(2-3)          1.427 A(2-1-28)      117.1 A(12-11-24)    122.2 
R(2-7)          1.321 A(1-2-3)        119.4 A(11-12-13)    120.3 
R(3-4)          1.441 A(1-2-7)        117.5 A(11-12-23)    120.4 
R(3-10)         1.401 A(6-1-28)      122.1 A(13-12-23)    119.3 
R(4-5)          1.35 A(1-6-5)        120.1 A(12-13-14)    120.9 
R(4-25)         1.072 A(1-6-27)      120.5 A(12-13-21)    119.3 
R(5-6)          1.432 A(3-2-7)        123 A(14-13-21)    119.8 
R(5-26)         1.075 A(2-3-4)        117.6 A(13-14-22)    118.8 
R(6-27)         1.075 A(2-3-10)      118 A(16-15-29)    110.5 
R(7-8)          1.322 A(2-7-8)        119.2 A(16-15-30)    106.7 
R(8-9)          1.427 A(4-3-10)      124.4 A(15-16-17)    115.4 
R(8-11)         1.436 A(3-4-5)        121.3 A(15-16-32)    112.2 
R(9-10)         1.4 A(3-4-25)      120.1 A(29-15-30)    106.6 
R(9-14)         1.44 A(3-10-9)      118.7 A(17-16-32)    113.3 
R(10-15)        1.516 A(3-10-15)     120.6 A(16-17-18)    99.8 
R(11-12)        1.348 A(5-4-25)      118.7 A(16-17-19)    127.9 
R(11-24)        1.074 A(4-5-6)        120.8 A(18-17-19)    132.2 
R(12-13)        1.432 A(4-5-26)      119.9 A(17-19-20)    124 
R(12-23)        1.075 A(6-5-26)      119.3 A(19-20-33)    108.4 
R(13-14)        1.35 A(5-6-27)      119.3 A(19-20-34)    114.7 
R(13-21)        1.075 A(7-8-9)        123.1 A(19-20-35)    109.4 
R(14-22)        1.072 A(7-8-11)      117.5 A(33-20-34)    108 
R(15-16)        1.477 A(9-8-11)      119.4 A(33-20-35)    107.3 
R(15-29)        1.079 A(8-9-10)      118 A(34-20-35)    108.7 
R(15-30)        1.079 A(8-9-14)      117.8 
R(16-17)        1.499 A(8-11-12)     120.7 
R(16-32)        1.006 A(8-11-24)     117.2 
R(17-18)        1.754 A(10-9-14)     124.3 
R(17-19)        1.238 A(9-10-15)     120.7 
R(19-20)        1.441 A(9-14-13)     121 
R(20-33)        1.083 A(9-14-22)     120.3 
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Va 

R(1-2)          1.44 R(18-19)        1.446 A(9-8-11)       117.8 
R(1-6)          1.35 R(19-33)        1.09 A(8-9-10)       123.1 
R(1-22)         1.073 R(19-34)        1.091 A(8-9-14)       119.3 
R(2-3)          1.426 R(19-35)        1.081 A(8-11-12)      121.1 
R(2-7)          1.4 R(20-31)        1.326 A(8-11-25)      119.9 
R(3-4)          1.437 A(2-1-6)        121 A(10-9-14)      117.6 
R(3-10)         1.322 A(2-1-22)       119.6 A(9-14-13)      120.7 
R(4-5)          1.348 A(1-2-3)        118 A(9-14-28)      117.2 
R(4-24)         1.074 A(1-2-7)        123.9 A(12-11-25)     119 
R(5-6)          1.432 A(6-1-22)       119.3 A(11-12-13)     120.8 
R(5-23)         1.075 A(1-6-5)        120.7 A(11-12-26)     119.9 
R(6-21)         1.075 A(1-6-21)       120 A(13-12-26)     119.3 
R(7-8)          1.4 A(3-2-7)        118.1 A(12-13-14)     120.3 
R(7-15)         1.517 A(2-3-4)        119.3 A(12-13-27)     119.3 
R(8-9)          1.427 A(2-3-10)       123 A(14-13-27)     120.4 
R(8-11)         1.441 A(2-7-8)        118.6 A(13-14-28)     122.1 
R(9-10)         1.322 A(2-7-15)       120.4 A(16-15-29)     111.1 
R(9-14)         1.437 A(4-3-10)       117.7 A(16-15-30)     110.4 
R(11-12)        1.35 A(3-4-5)        120.7 A(15-16-17)     124.8 
R(11-25)        1.073 A(3-4-24)       117.2 A(15-16-32)     114.2 
R(12-13)        1.432 A(3-10-9)       119.1 A(29-15-30)     106.4 
R(12-26)        1.075 A(5-4-24)       122.1 A(17-16-32)     113.6 
R(13-14)        1.348 A(4-5-6)        120.4 A(16-17-18)     126.8 
R(13-27)        1.075 A(4-5-23)       120.4 A(16-17-20)     118.2 
R(14-28)        1.074 A(6-5-23)       119.3 A(18-17-20)     115 
R(15-16)        1.461 A(5-6-21)       119.3 A(17-18-19)     120.2 
R(15-29)        1.08 A(8-7-15)       121 A(17-20-31)     98.7 
R(15-30)        1.082 A(7-8-9)        118 A(18-19-33)     111.8 
R(16-17)        1.379 A(7-8-11)       124.2 A(18-19-34)     112.8 
R(16-32)        0.995 A(7-15-16)     110.1 A(18-19-35)     108.6 
R(17-18)        1.253 A(7-15-29)     110 A(33-19-34)     108.3 
R(17-20)        1.786 A(7-15-30)     108.8 A(33-19-35)     107.5 
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Ts Va 

R(1-2)          1.441 R(19-33)       1.087 A(8-9-14)      119.3 
R(1-6)          1.35 R(19-34)       1.082 A(8-11-12)      121 
R(1-22)         1.073 R(19-35)       1.086 A(8-11-25)      119.6 
R(2-3)          1.427 R(20-31)       1.329 A(10-9-14)      117.7 
R(2-7)          1.4 A(2-1-6)        121.1 A(9-14-13)      120.7 
R(3-4)          1.437 A(2-1-22)      119.9 A(9-14-28)      117.2 
R(3-10)         1.321 A(1-2-3)        117.8 A(12-11-25)    119.4 
R(4-5)          1.348 A(1-2-7)        124.2 A(11-12-13)    120.7 
R(4-24)         1.074 A(6-1-22)      119 A(11-12-26)    120 
R(5-6)          1.432 A(1-6-5)        120.8 A(13-12-26)    119.3 
R(5-23)         1.075 A(1-6-21)      119.9 A(12-13-14)    120.4 
R(6-21)         1.075 A(3-2-7)        118 A(12-13-27)    119.3 
R(7-8)          1.4 A(2-3-4)        119.3 A(14-13-27)    120.4 
R(7-15)         1.517 A(2-3-10)      123.1 A(13-14-28)    122.1 
R(8-9)          1.425 A(2-7-8)        118.6 A(16-15-29)    110.7 
R(8-11)         1.44 A(2-7-15)      121.1 A(16-15-30)    110.6 
R(9-10)         1.322 A(4-3-10)      117.6 A(15-16-17)    121.7 
R(9-14)         1.437 A(3-4-5)        120.8 A(15-16-32)    112.1 
R(11-12)        1.35 A(3-4-24)      117.1 A(29-15-30)    106.4 
R(11-25)        1.073 A(3-10-9)      119 A(17-16-32)    111.9 
R(12-13)        1.432 A(5-4-24)      122.1 A(16-17-18)    129.4 
R(12-26)        1.075 A(4-5-6)        120.3 A(16-17-20)    113.5 
R(13-14)        1.348 A(4-5-23)      120.4 A(18-17-20)    117.1 
R(13-27)        1.075 A(6-5-23)      119.3 A(17-18-19)    122.9 
R(14-28)        1.074 A(5-6-21)      119.3 A(17-20-31)    95.7 
R(15-16)        1.466 A(8-7-15)      120.3 A(18-19-33)    112.6 
R(15-29)        1.078 A(7-8-9)        118.2 A(18-19-34)    107.7 
R(15-30)        1.082 A(7-8-11)      123.9 A(18-19-35)    111.9 
R(16-17)        1.39 A(7-15-16)     110.2 A(33-19-34)    108.2 
R(16-32)        0.995 A(7-15-29)     108.9 A(33-19-35)    108.8 
R(17-18)        1.248 A(7-15-30)     109.9 A(34-19-35)    107.4 
R(17-20)        1.815 A(9-8-11)      118 
R(18-19)        1.449 A(8-9-10)      123 
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VIa 

R(1-2)          1.438 R(18-35)        1.324 A(8-11-24)      117.2 
R(1-6)          1.348 R(19-20)        1.447 A(10-9-14)      123.9 
R(1-28)         1.074 R(20-32)        1.081 A(9-10-15)      120.4 
R(2-3)          1.427 R(20-33)        1.09 A(9-14-13)      120.9 
R(2-7)          1.321 R(20-34)        1.091 A(9-14-22)      119.7 
R(3-4)          1.441 A(2-1-6)        120.8 A(10-15-16)     110 
R(3-10)         1.4 A(2-1-28)       117.1 A(10-15-29)     110.1 
R(4-5)          1.349 A(1-2-3)        119.3 A(10-15-30)     109.2 
R(4-25)         1.073 A(1-2-7)        117.6 A(12-11-24)     122.1 
R(5-6)          1.432 A(6-1-28)       122.1 A(11-12-13)     120.4 
R(5-26)         1.075 A(1-6-5)        120.3 A(11-12-23)     120.4 
R(6-27)         1.075 A(1-6-27)       120.4 A(13-12-23)     119.3 
R(7-8)          1.323 A(3-2-7)        123.1 A(12-13-14)     120.7 
R(8-9)          1.425 A(2-3-4)        117.7 A(12-13-21)     119.3 
R(8-11)         1.436 A(2-3-10)       118 A(14-13-21)     119.9 
R(9-10)         1.4 A(2-7-8)        119.1 A(13-14-22)     119.3 
R(9-14)         1.439 A(4-3-10)       124.3 A(16-15-29)     111.6 
R(10-15)        1.517 A(3-4-5)        121.1 A(16-15-30)     109.5 
R(11-12)        1.348 A(3-4-25)       119.9 A(15-16-17)     124.9 
R(11-24)        1.074 A(3-10-9)       118.7 A(15-16-31)     115.4 
R(12-13)        1.432 A(3-10-15)     120.9 A(29-15-30)     106.4 
R(12-23)        1.075 A(5-4-25)       119 A(17-16-31)     115 
R(13-14)        1.35 A(4-5-6)        120.8 A(16-17-18)     114.7 
R(13-21)        1.075 A(4-5-26)       119.9 A(16-17-19)     126.8 
R(14-22)        1.073 A(6-5-26)       119.3 A(18-17-19)     118.5 
R(15-16)        1.457 A(5-6-27)       119.3 A(17-18-35)     93.9 
R(15-29)        1.082 A(7-8-9)        123 A(17-19-20)     119.4 
R(15-30)        1.08 A(7-8-11)       117.7 A(19-20-32)     108.6 
R(16-17)        1.372 A(9-8-11)       119.3 A(19-20-33)     112.2 
R(16-31)        0.995 A(8-9-10)       118.1 A(19-20-34)     112.4 
R(17-18)        1.787 A(8-9-14)       118 A(32-20-33)     107.8 
R(17-19)        1.256 A(8-11-12)     120.7 A(32-20-34)     107.4 
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Ts IVa 

R(1-2)          1.437 R(19-20)       1.444 A(10-9-14)      124 
R(1-6)          1.346 R(20-32)       1.081 A(9-10-15)      120.3 
R(1-28)         1.074 R(20-33)       1.089 A(9-14-13)      120.9 
R(2-3)          1.427 R(20-34)       1.089 A(9-14-22)      119.8 
R(2-7)          1.32 A(2-1-6)        120.8 A(10-15-16)    110.3 
R(3-4)          1.441 A(2-1-28)      117 A(10-15-29)    110.7 
R(3-10)         1.398 A(1-2-3)        119.3 A(10-15-30)    110.4 
R(4-5)          1.347 A(1-2-7)        117.6 A(12-11-24)    122.2 
R(4-25)         1.073 A(6-1-28)      122.2 A(11-12-13)    120.3 
R(5-6)          1.432 A(1-6-5)        120.3 A(11-12-23)    120.4 
R(5-26)         1.075 A(1-6-27)      120.5 A(13-12-23)    119.2 
R(6-27)         1.075 A(3-2-7)        123.1 A(12-13-14)    120.8 
R(7-8)          1.322 A(2-3-4)        117.7 A(12-13-21)    119.2 
R(8-9)          1.424 A(2-3-10)      117.9 A(14-13-21)    119.9 
R(8-11)         1.435 A(2-7-8)        119.1 A(13-14-22)    119.3 
R(9-10)         1.399 A(4-3-10)      124.4 A(16-15-29)    110.6 
R(9-14)         1.439 A(3-4-5)        121.1 A(16-15-30)    108.4 
R(10-15)        1.517 A(3-4-25)      119.8 A(15-16-17)    124.9 
R(11-12)        1.346 A(3-10-9)      118.8 A(15-16-31)    117.1 
R(11-24)        1.074 A(3-10-15)     120.9 A(29-15-30)    106.3 
R(12-13)        1.431 A(5-4-25)      119 A(17-16-31)    117.4 
R(12-23)        1.075 A(4-5-6)        120.8 A(16-17-18)    126.6 
R(13-14)        1.348 A(4-5-26)      120 A(16-17-19)    127.4 
R(13-21)        1.075 A(6-5-26)      119.2 A(18-17-19)    106 
R(14-22)        1.073 A(5-6-27)      119.2 A(17-19-20)    124.3 
R(15-16)        1.457 A(7-8-9)        123.1 A(19-20-32)    108.5 
R(15-29)        1.08 A(7-8-11)      117.7 A(19-20-33)    112 
R(15-30)        1.078 A(9-8-11)      119.3 A(19-20-34)    112 
R(16-17)        1.335 A(8-9-10)      118 A(32-20-33)    107.9 
R(16-31)        0.997 A(8-9-14)      118 A(32-20-34)    107.7 
R(17-18)        1.754 A(8-11-12)     120.7 A(33-20-34)    108.5 
R(17-19)        1.291 A(8-11-24)     117.1 
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Ts IIIb 

R(1-2)          1.438 R(31-32)        1.5 A(6-9-16)       118.5 
R(1-3)          1.347 R(32-33)        1.404 A(7-10-13)      123 
R(1-4)          1.074 R(32-34)        1.404 A(7-10-14)      117.7 
R(2-5)          1.426 R(33-35)        1.405 A(13-10-14)     119.4 
R(2-7)          1.321 R(33-37)        1.103 A(10-13-11)     118 
R(3-6)          1.431 R(34-36)        1.405 A(10-13-18)     117.9 
R(3-8)          1.075 R(34-38)        1.103 A(10-14-17)     120.6 
R(5-9)          1.441 R(35-39)        1.404 A(10-14-19)     117.2 
R(5-11)         1.401 R(35-40)        1.104 A(13-11-15)     120.1 
R(6-9)          1.35 R(36-39)        1.405 A(11-13-18)     124.1 
R(6-12)         1.075 R(36-41)        1.103 A(11-15-20)     111.6 
R(7-10)         1.322 R(39-42)        1.103 A(11-15-21)     111.4 
R(9-16)         1.072 A(2-1-3)        120.8 A(11-15-22)     112.3 
R(10-13)        1.427 A(2-1-4)        117.1 A(13-18-23)     120.8 
R(10-14)        1.436 A(1-2-5)        119.4 A(13-18-24)     120.4 
R(11-13)        1.4 A(1-2-7)        117.5 A(17-14-19)     122.2 
R(11-15)        1.516 A(3-1-4)        122.2 A(14-17-23)     120.4 
R(13-18)        1.441 A(1-3-6)        120.2 A(14-17-25)     120.4 
R(14-17)        1.347 A(1-3-8)        120.5 A(20-15-21)     106.9 
R(14-19)        1.073 A(5-2-7)        123.1 A(20-15-22)     107.7 
R(15-20)        1.077 A(2-5-9)        117.6 A(21-15-22)     106.6 
R(15-21)        1.078 A(2-5-11)       117.9 A(15-22-27)     110.2 
R(15-22)        1.481 A(2-7-10)       119.3 A(15-22-28)     110.9 
R(17-23)        1.432 A(6-3-8)        119.3 A(23-17-25)     119.2 
R(17-25)        1.076 A(3-6-9)        120.8 A(17-23-18)     120.9 
R(18-23)        1.35 A(3-6-12)       119.3 A(17-23-29)     119.3 
R(18-24)        1.074 A(9-5-11)       124.5 A(23-18-24)     118.8 
R(22-27)        1.005 A(5-9-6)        121.2 A(18-23-29)     119.8 
R(22-28)        1.004 A(5-9-16)       120.3 A(27-22-28)     107.6 
R(23-29)        1.075 A(5-11-13)     118.8 A(30-26-31)     140 
R(26-30)        1.685 A(5-11-15)     121.1 A(26-31-32)     132.7 
R(26-31)        1.218 A(9-6-12)       119.9 A(31-32-33)     120 
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IVb 

R(1-2)          1.441 R(26-31)        1.075 A(9-6-13)       120.4 
R(1-3)          1.35 R(27-32)        1.399 A(6-9-17)       122.2 
R(1-4)          1.074 R(32-33)        1.395 A(10-7-12)      120.8 
R(2-5)          1.427 R(32-34)        1.395 A(7-10-14)      117.7 
R(2-7)          1.4 R(33-35)        1.389 A(7-10-15)      124.5 
R(3-6)          1.432 R(33-37)        1.077 A(7-12-16)      111.2 
R(3-8)          1.075 R(34-36)        1.385 A(7-12-18)      112.3 
R(5-9)          1.436 R(34-38)        1.075 A(7-12-19)      112.2 
R(5-11)         1.321 R(35-39)        1.385 A(14-10-15)     117.8 
R(6-9)          1.348 R(35-40)        1.076 A(10-14-11)     123 
R(6-13)         1.075 R(36-39)        1.39 A(10-14-21)     119.4 
R(7-10)         1.4 R(36-41)        1.076 A(10-15-20)     121 
R(7-12)         1.513 R(39-42)        1.075 A(10-15-23)     120.5 
R(9-17)         1.074 A(2-1-3)        120.7 A(11-14-21)     117.6 
R(10-14)        1.427 A(2-1-4)        120.5 A(16-12-18)     106.8 
R(10-15)        1.44 A(1-2-5)        118 A(16-12-19)     106.1 
R(11-14)        1.321 A(1-2-7)        124.3 A(12-16-22)     112.7 
R(12-16)        1.5 A(3-1-4)        118.7 A(12-16-24)     109.4 
R(12-18)        1.077 A(1-3-6)        121 A(12-16-25)     109.7 
R(12-19)        1.076 A(1-3-8)        119.6 A(18-12-19)     107.9 
R(14-21)        1.437 A(5-2-7)        117.7 A(14-21-26)     120.7 
R(15-20)        1.35 A(2-5-9)        119.4 A(14-21-30)     117.1 
R(15-23)        1.073 A(2-5-11)       122.9 A(20-15-23)     118.5 
R(16-22)        1.558 A(2-7-10)       119.1 A(15-20-26)     120.9 
R(16-24)        1.007 A(2-7-12)       120 A(15-20-29)     119.7 
R(16-25)        1.009 A(6-3-8)        119.3 A(22-16-24)     105.2 
R(20-26)        1.432 A(3-6-9)        120.3 A(22-16-25)     111.1 
R(20-29)        1.075 A(3-6-13)       119.3 A(16-22-27)     117.1 
R(21-26)        1.348 A(9-5-11)       117.7 A(16-22-28)     110.5 
R(21-30)        1.074 A(5-9-6)        120.6 A(24-16-25)     108.6 
R(22-27)        1.251 A(5-9-17)       117.2 A(26-20-29)     119.4 
R(22-28)        1.701 A(5-11-14)      119.4 A(20-26-21)     120.2 
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Ts IVb 

R(1-2)        1.436 R(24-29)        1.237 A(5-11-15)      120.6 
R(1-3)        1.345 R(29-31)        1.5 A(9-6-12)       119.9 
R(1-4)        1.074 R(31-33)        1.405 A(6-9-16)       118.7 
R(2-5)        1.426 R(31-34)        1.404 A(7-10-13)      123.1 
R(2-7)        1.32 R(33-35)        1.404 A(7-10-14)      117.5 
R(3-6)        1.431 R(33-37)        1.104 A(13-10-14)     119.4 
R(3-8)        1.075 R(34-36)        1.404 A(10-13-11)     118 
R(5-9)        1.44 R(34-38)        1.104 A(10-13-18)     117.8 
R(5-11)      1.4 R(35-39)        1.404 A(10-14-17)     120.7 
R(6-9)        1.348 R(35-40)        1.104 A(10-14-20)     117.1 
R(6-12)      1.075 R(36-39)        1.405 A(13-11-15)     120.6 
R(7-10)      1.322 R(36-41)        1.104 A(11-13-18)     124.3 
R(9-16)      1.073 R(39-42)        1.103 A(11-15-19)     110.8 
R(10-13)    1.425 A(2-1-3)        120.9 A(11-15-21)     111.2 
R(10-14)    1.435 A(2-1-4)        117 A(11-15-22)     111.2 
R(11-13)    1.399 A(1-2-5)        119.4 A(13-18-23)     120.9 
R(11-15)    1.515 A(1-2-7)        117.5 A(13-18-25)     120.2 
R(13-18)    1.439 A(3-1-4)        122.2 A(17-14-20)     122.3 
R(14-17)    1.346 A(1-3-6)        120.1 A(14-17-23)     120.3 
R(14-20)    1.074 A(1-3-8)        120.6 A(14-17-26)     120.5 
R(15-19)    1.476 A(5-2-7)        123.1 A(19-15-21)     110.4 
R(15-21)    1.079 A(2-5-9)        117.5 A(19-15-22)     106.6 
R(15-22)    1.079 A(2-5-11)       118 A(15-19-24)     115.8 
R(17-23)    1.43 A(2-7-10)       119.1 A(15-19-27)     112.1 
R(17-26)    1.075 A(6-3-8)        119.3 A(21-15-22)     106.5 
R(18-23)    1.348 A(3-6-9)        120.8 A(23-17-26)     119.3 
R(18-25)    1.072 A(3-6-12)       119.3 A(17-23-18)     120.9 
R(19-24)    1.5 A(9-5-11)       124.6 A(17-23-30)     119.3 
R(19-27)    1.007 A(5-9-6)        121.3 A(23-18-25)     118.8 
R(23-30)    1.075 A(5-9-16)       120 A(18-23-30)     119.8 
R(24-28)    1.758 A(5-11-13)     118.8 A(24-19-27)     113.4 
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Vb 

R(1-2)        1.44 R(26-30)        1.41 A(9-6-13)       120.4 
R(1-3)        1.35 R(27-32)        1.325 A(6-9-17)       122.1 
R(1-4)        1.073 R(30-33)        1.392 A(10-7-12)      121.1 
R(2-5)        1.425 R(30-34)        1.393 A(7-10-14)      117.9 
R(2-7)        1.4 R(33-35)        1.387 A(7-10-15)      124.3 
R(3-6)        1.432 R(33-37)        1.075 A(7-12-16)      110.2 
R(3-8)        1.075 R(34-36)        1.387 A(7-12-18)      110 
R(5-9)        1.437 R(34-38)        1.076 A(7-12-19)      108.6 
R(5-11)      1.322 R(35-39)        1.387 A(14-10-15)     117.8 
R(6-9)        1.348 R(35-40)        1.076 A(10-14-11)     123.1 
R(6-13)      1.075 R(36-39)        1.387 A(10-14-21)     119.3 
R(7-10)      1.399 R(36-41)        1.076 A(10-15-20)     121.1 
R(7-12)      1.517 R(39-42)        1.075 A(10-15-23)     119.9 
R(9-17)      1.074 A(2-1-3)        121 A(11-14-21)     117.6 
R(10-14)    1.427 A(2-1-4)        119.7 A(16-12-18)     111.1 
R(10-15)    1.441 A(1-2-5)        118 A(16-12-19)     110.4 
R(11-14)    1.321 A(1-2-7)        123.9 A(12-16-22)     125.6 
R(12-16)    1.459 A(3-1-4)        119.3 A(12-16-24)     115.2 
R(12-18)    1.08 A(1-3-6)        120.7 A(18-12-19)     106.6 
R(12-19)    1.082 A(1-3-8)        120 A(14-21-25)     120.8 
R(14-21)    1.437 A(5-2-7)        118.1 A(14-21-29)     117.1 
R(15-20)    1.349 A(2-5-9)        119.3 A(20-15-23)     119 
R(15-23)    1.073 A(2-5-11)       123 A(15-20-25)     120.8 
R(16-22)    1.37 A(2-7-10)       118.7 A(15-20-28)     119.9 
R(16-24)    0.997 A(2-7-12)       120.2 A(22-16-24)     113.3 
R(20-25)    1.432 A(6-3-8)        119.3 A(16-22-26)     126.6 
R(20-28)    1.075 A(3-6-9)        120.3 A(16-22-27)     119.2 
R(21-25)    1.348 A(3-6-13)       119.3 A(25-20-28)     119.3 
R(21-29)    1.074 A(9-5-11)       117.7 A(20-25-21)     120.3 
R(22-26)    1.258 A(5-9-6)        120.7 A(20-25-31)     119.3 
R(22-27)    1.783 A(5-9-17)       117.2 A(25-21-29)     122.1 
R(25-31)    1.075 A(5-11-14)     119.1 A(21-25-31)     120.4 
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Ts Vb 

R(1-2)        1.44 R(27-32)        1.329 A(10-7-12)      120.3 
R(1-3)        1.35 R(30-33)        1.404 A(7-10-14)      118.2 
R(1-4)        1.073 R(30-34)        1.404 A(7-10-15)      123.8 
R(2-5)        1.428 R(33-35)        1.405 A(7-12-16)      110.2 
R(2-7)        1.4 R(33-37)        1.104 A(7-12-18)      108.9 
R(3-6)        1.432 R(34-36)        1.405 A(7-12-19)      109.9 
R(3-8)        1.075 R(34-38)        1.104 A(14-10-15)     117.9 
R(5-9)        1.436 R(35-39)        1.404 A(10-14-11)     123 
R(5-11)      1.321 R(35-40)        1.103 A(10-14-21)     119.3 
R(6-9)        1.348 R(36-39)        1.405 A(10-15-20)     121 
R(6-13)      1.076 R(36-41)        1.103 A(10-15-23)     119.6 
R(7-10)      1.399 R(39-42)        1.103 A(11-14-21)     117.7 
R(7-12)      1.517 A(2-1-3)        121.1 A(16-12-18)     110.7 
R(9-17)      1.075 A(2-1-4)        119.9 A(16-12-19)     110.6 
R(10-14)    1.425 A(1-2-5)        117.8 A(12-16-22)     121.7 
R(10-15)    1.44 A(1-2-7)        124.2 A(12-16-24)     112.2 
R(11-14)    1.323 A(3-1-4)        119 A(18-12-19)     106.4 
R(12-16)    1.466 A(1-3-6)        120.8 A(14-21-25)     120.6 
R(12-18)    1.078 A(1-3-8)        119.9 A(14-21-29)     117.3 
R(12-19)    1.082 A(5-2-7)        118 A(20-15-23)     119.4 
R(14-21)    1.437 A(2-5-9)        119.3 A(15-20-25)     120.7 
R(15-20)    1.35 A(2-5-11)       123.1 A(15-20-28)     120 
R(15-23)    1.073 A(2-7-10)       118.6 A(22-16-24)     111.9 
R(16-22)    1.39 A(2-7-12)       121.1 A(16-22-26)     129.4 
R(16-24)    0.995 A(6-3-8)        119.4 A(16-22-27)     113.4 
R(20-25)    1.432 A(3-6-9)        120.3 A(25-20-28)     119.2 
R(20-28)    1.076 A(3-6-13)       119.3 A(20-25-21)     120.4 
R(21-25)    1.348 A(9-5-11)       117.6 A(20-25-31)     119.3 
R(21-29)    1.073 A(5-9-6)        120.7 A(25-21-29)     122.1 
R(22-26)    1.248 A(5-9-17)       117.2 A(21-25-31)     120.3 
R(22-27)    1.814 A(5-11-14)     119.1 A(26-22-27)     117.1 
R(25-31)    1.076 A(9-6-13)       120.4 A(22-26-30)     122.9 
R(26-30)    1.5 A(6-9-17)       122.1 A(22-27-32)     95.7 



Appendix    114

 
VIb 

R(1-2)        1.436 R(28-32)        1.324 A(9-6-12)       120 
R(1-3)        1.348 R(29-31)        1.411 A(6-9-16)       119.3 
R(1-4)        1.074 R(31-33)        1.392 A(7-10-13)      123.1 
R(2-5)        1.425 R(31-34)        1.393 A(7-10-14)      117.6 
R(2-7)        1.323 R(33-35)        1.387 A(13-10-14)     119.3 
R(3-6)        1.432 R(33-37)        1.075 A(10-13-11)     118 
R(3-8)        1.075 R(34-36)        1.387 A(10-13-18)     117.8 
R(5-9)        1.439 R(34-38)        1.076 A(10-14-17)     120.8 
R(5-11)      1.4 R(35-39)        1.387 A(10-14-20)     117.1 
R(6-9)        1.35 R(35-40)        1.076 A(13-11-15)     120.9 
R(6-12)      1.075 R(36-39)        1.387 A(11-13-18)     124.3 
R(7-10)      1.321 R(36-41)        1.076 A(11-15-19)     110.1 
R(9-16)      1.073 R(39-42)        1.075 A(11-15-21)     109.2 
R(10-13)    1.428 A(2-1-3)        120.7 A(11-15-22)     110.1 
R(10-14)    1.437 A(2-1-4)        117.2 A(13-18-23)     121.1 
R(11-13)    1.399 A(1-2-5)        119.3 A(13-18-25)     119.9 
R(11-15)    1.517 A(1-2-7)        117.7 A(17-14-20)     122.1 
R(13-18)    1.441 A(3-1-4)        122.1 A(14-17-23)     120.3 
R(14-17)    1.347 A(1-3-6)        120.3 A(14-17-26)     120.4 
R(14-20)    1.074 A(1-3-8)        120.4 A(19-15-21)     109.6 
R(15-19)    1.456 A(5-2-7)        123 A(19-15-22)     111.5 
R(15-21)    1.08 A(2-5-9)        118 A(15-19-24)     125.3 
R(15-22)    1.082 A(2-5-11)       118.1 A(15-19-27)     116.5 
R(17-23)    1.432 A(2-7-10)       119.1 A(21-15-22)     106.4 
R(17-26)    1.075 A(6-3-8)        119.3 A(23-17-26)     119.3 
R(18-23)    1.349 A(3-6-9)        120.7 A(17-23-18)     120.8 
R(18-25)    1.073 A(3-6-12)       119.3 A(17-23-30)     119.3 
R(19-24)    1.363 A(9-5-11)       123.9 A(23-18-25)     119 
R(19-27)    0.997 A(5-9-6)        121 A(18-23-30)     119.9 
R(23-30)    1.075 A(5-9-16)       119.7 A(24-19-27)     114.8 
R(24-28)    1.784 A(5-11-13)     118.7 A(19-24-28)     114.9 
R(24-29)    1.261 A(5-11-15)     120.4 A(19-24-29)     127 



Appendix    115

 
Ts VIb 

R(1-2)          1.436 R(29-31)        1.5 A(6-9-16)       119 
R(1-3)          1.345 R(31-33)        1.404 A(7-10-13)      123 
R(1-4)          1.074 R(31-34)        1.404 A(7-10-14)      117.7 
R(2-5)          1.426 R(33-35)        1.405 A(13-10-14)     119.3 
R(2-7)          1.321 R(33-37)        1.104 A(10-13-11)     118.1 
R(3-6)          1.432 R(34-36)        1.405 A(10-13-18)     118 
R(3-8)          1.075 R(34-38)        1.103 A(10-14-17)     120.7 
R(5-9)          1.441 R(35-39)        1.405 A(10-14-20)     117.1 
R(5-11)         1.398 R(35-40)        1.104 A(13-11-15)     120.3 
R(6-9)          1.347 R(36-39)        1.404 A(11-13-18)     124 
R(6-12)         1.075 R(36-41)        1.103 A(11-15-19)     110.3 
R(7-10)         1.322 R(39-42)        1.103 A(11-15-21)     110.7 
R(9-16)         1.073 A(2-1-3)        120.8 A(11-15-22)     110.5 
R(10-13)        1.424 A(2-1-4)        117 A(13-18-23)     120.9 
R(10-14)        1.435 A(1-2-5)        119.3 A(13-18-25)     119.9 
R(11-13)        1.4 A(1-2-7)        117.6 A(17-14-20)     122.2 
R(11-15)        1.515 A(3-1-4)        122.2 A(14-17-23)     120.3 
R(13-18)        1.439 A(1-3-6)        120.3 A(14-17-26)     120.5 
R(14-17)        1.346 A(1-3-8)        120.5 A(19-15-21)     110.5 
R(14-20)        1.073 A(5-2-7)        123.1 A(19-15-22)     108.4 
R(15-19)        1.458 A(2-5-9)        117.7 A(15-19-24)     124.9 
R(15-21)        1.081 A(2-5-11)       118 A(15-19-27)     117 
R(15-22)        1.077 A(2-7-10)       119 A(21-15-22)     106.3 
R(17-23)        1.432 A(6-3-8)        119.2 A(23-17-26)     119.2 
R(17-26)        1.074 A(3-6-9)        120.8 A(17-23-18)     120.8 
R(18-23)        1.348 A(3-6-12)       119.2 A(17-23-30)     119.2 
R(18-25)        1.072 A(9-5-11)       124.3 A(23-18-25)     119.2 
R(19-24)        1.335 A(5-9-6)        121.2 A(18-23-30)     120 
R(19-27)        0.996 A(5-9-16)       119.9 A(24-19-27)     117.4 
R(23-30)        1.075 A(5-11-13)     118.7 A(19-24-28)     126.6 
R(24-28)        1.755 A(5-11-15)     121 A(19-24-29)     127.4 
R(24-29)        1.29 A(9-6-12)       120 A(28-24-29)     106 
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Ts VIIa 

R(1-2)          1.44 R(26-30)       1.447 A(10-14-11)   123 
R(1-3)          1.35 R(30-33)       1.085 A(10-14-21)    119.3 
R(1-4)          1.073 R(30-34)       1.084 A(10-15-20)    121 
R(2-5)          1.426 R(30-35)       1.084 A(10-15-23)    120.1 
R(2-7)          1.399 A(2-1-3)        121 A(11-14-21)    117.6 
R(3-6)          1.432 A(2-1-4)        120 A(16-12-18)    109.2 
R(3-8)          1.075 A(1-2-5)        117.9 A(16-12-19)    107.2 
R(5-9)          1.437 A(1-2-7)        124.2 A(12-16-22)    114.9 
R(5-11)         1.322 A(3-1-4)        118.9 A(12-16-24)    111 
R(6-9)          1.348 A(1-3-6)        120.8 A(18-12-19)    106.8 
R(6-13)         1.075 A(1-3-8)        119.9 A(14-21-25)    120.7 
R(7-10)         1.401 A(5-2-7)        118 A(14-21-29)    117.2 
R(7-12)         1.514 A(2-5-9)        119.3 A(20-15-23)    118.9 
R(9-17)         1.074 A(2-5-11)      123.1 A(15-20-25)    120.8 
R(10-14)        1.426 A(2-7-10)      118.8 A(15-20-28)    119.9 
R(10-15)        1.441 A(2-7-12)      121 A(22-16-24)    110 
R(11-14)        1.321 A(6-3-8)        119.3 A(16-22-26)    120.8 
R(12-16)        1.474 A(3-6-9)        120.3 A(16-22-27)    100.6 
R(12-18)        1.079 A(3-6-13)      119.3 A(25-20-28)    119.3 
R(12-19)        1.08 A(9-5-11)      117.6 A(20-25-21)    120.3 
R(14-21)        1.437 A(5-9-6)        120.7 A(20-25-31)    119.3 
R(15-20)        1.35 A(5-9-17)      117.2 A(25-21-29)    122.1 
R(15-23)        1.073 A(5-11-14)     119.1 A(21-25-31)    120.4 
R(16-22)        1.475 A(9-6-13)      120.4 A(26-22-27)    138.7 
R(16-24)        1.006 A(6-9-17)      122.1 A(22-26-30)    120.2 
R(20-25)        1.432 A(10-7-12)     120.3 A(26-30-33)    113.3 
R(20-28)        1.075 A(7-10-14)     118 A(26-30-34)    108.8 
R(21-25)        1.348 A(7-10-15)     124.2 A(26-30-35)    108.8 
R(21-29)        1.074 A(7-12-16)     110.9 A(33-30-34)    109 
R(22-26)        1.239 A(7-12-18)     111.3 A(33-30-35)    109.2 
R(22-27)        1.762 A(7-12-19)     111.3 A(34-30-35)    107.6 
R(25-31)        1.075 A(14-10-15)    117.8 
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VIIa 

R(1-2)          1.438 R(20-33)       1.087 A(8-12-27)      119.9 
R(1-3)          1.35 R(20-34)       1.088 A(9-11-15)      117.5 
R(1-21)         1.072 R(20-35)       1.082 A(13-10-25)    111.3 
R(2-4)          1.423 A(2-1-3)        121 A(13-10-26)   108.3 
R(2-6)          1.401 A(2-1-21)      119.6 A(10-13-16)    118.2 
R(3-5)          1.431 A(1-2-4)        118.1 A(10-13-28)    114.3 
R(3-22)         1.076 A(1-2-6)        123.5 A(25-10-26)    105.8 
R(4-7)          1.436 A(3-1-21)      119.5 A(11-15-17)    120.8 
R(4-9)          1.324 A(1-3-5)        120.7 A(11-15-30)    117.3 
R(5-7)          1.349 A(1-3-22)      120.1 A(14-12-27)    118.9 
R(5-23)         1.075 A(4-2-6)        118.4 A(12-14-17)    120.7 
R(6-8)          1.4 A(2-4-7)        119.3 A(12-14-29)    120 
R(6-10)         1.516 A(2-4-9)        123 A(16-13-28)    115.2 
R(7-24)         1.074 A(2-6-8)        118.4 A(13-16-18)    122.2 
R(8-11)         1.428 A(2-6-10)      120.1 A(13-16-19)    114.8 
R(8-12)         1.44 A(5-3-22)      119.3 A(17-14-29)    119.3 
R(9-11)         1.322 A(3-5-7)        120.4 A(14-17-15)    120.3 
R(10-13)        1.457 A(3-5-23)      119.3 A(14-17-31)    119.3 
R(10-25)        1.081 A(7-4-9)        117.7 A(17-15-30)    121.9 
R(10-26)        1.079 A(4-7-5)        120.6 A(15-17-31)    120.4 
R(11-15)        1.437 A(4-7-24)      117.5 A(18-16-19)    123 
R(12-14)        1.35 A(4-9-11)      118.9 A(16-18-20)    121.1 
R(12-27)        1.072 A(7-5-23)      120.3 A(16-19-32)    97.3 
R(13-16)        1.376 A(5-7-24)      121.9 A(18-20-33)    112.3 
R(13-28)        1 A(8-6-10)      121.5 A(18-20-34)    111.8 
R(14-17)        1.432 A(6-8-11)      118.1 A(18-20-35)    108.7 
R(14-29)        1.075 A(6-8-12)      124.2 A(33-20-34)    108.2 
R(15-17)        1.349 A(6-10-13)     109.6 A(33-20-35)    108.1 
R(15-30)        1.074 A(6-10-25)     111.4 A(34-20-35)    107.6 
R(16-18)        1.251 A(6-10-26)     110.3 
R(16-19)        1.796 A(11-8-12)     117.7 
R(17-31)        1.075 A(8-11-9)      123.2 
R(18-20)        1.446 A(8-11-15)     119.3 
R(19-32)        1.325 A(8-12-14)     121.2 
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Ts VIIIa 

R(1-2)          1.418 R(26-32)       1.323 A(15-12-16)   119.4 
R(1-3)          1.363 R(27-30)       1.445 A(12-15-13)   125.3 
R(1-4)          1.075 R(30-33)       1.08 A(12-15-21)   117.3 
R(2-5)          1.358 R(30-34)       1.084 A(12-16-20)   122.2 
R(2-8)          1.077 R(30-35)       1.084 A(12-16-23)   119.5 
R(3-6)          1.417 A(2-1-3)       118.7 A(13-15-21)   117.4 
R(3-7)          1.077 A(2-1-4)       120.5 A(17-14-18)   110 
R(5-9)          1.432 A(1-2-5)       120.7 A(17-14-19)   110 
R(5-11)         1.075 A(1-2-8)       119.5 A(14-17-22)   112.2 
R(6-9)          1.412 A(3-1-4)       120.8 A(14-17-24)  120.1 
R(6-10)         1.47 A(1-3-6)       122 A(18-14-19)   108.3 
R(9-13)         1.337 A(1-3-7)       118.6 A(15-21-25)   121.8 
R(10-12)        1.47 A(5-2-8)       119.8 A(15-21-28)   116.8 
R(10-14)        1.552 A(2-5-9)       121.7 A(20-16-23)   118.3 
R(12-15)        1.414 A(2-5-11)      121.4 A(16-20-25)   118.7 
R(12-16)        1.417 A(6-3-7)       119.4 A(16-20-29)   120.8 
R(13-15)        1.335 A(3-6-9)       119.6 A(22-17-24)   119.8 
R(14-17)        1.462 A(3-6-10)      120.9 A(17-22-26)   116.8 
R(14-18)        1.079 A(9-5-11)      116.8 A(17-22-27)   114.6 
R(14-19)        1.079 A(5-9-6)       117.2 A(25-20-29)   120.5 
R(15-21)        1.433 A(5-9-13)      117.5 A(20-25-21)   120.7 
R(16-20)        1.362 A(9-6-10)      119.4 A(20-25-31)   119.5 
R(16-23)        1.077 A(6-9-13)      125.2 A(25-21-28)   121.4 
R(17-22)        1.345 A(6-10-12)     113.5 A(21-25-31)   119.8 
R(17-24)        0.996 A(6-10-14)     116 A(26-22-27)   128.6 
R(20-25)        1.418 A(9-13-15)     116.8 A(22-26-32)   96.7 
R(20-29)        1.075 A(12-10-14)   116.7 A(22-27-30)   128.4 
R(21-25)        1.357 A(10-12-15)   119.3 A(27-30-33)   107.6 
R(21-28)        1.074 A(10-12-16)   121.2 A(27-30-34)   111.1 
R(22-26)        1.765 A(10-14-17)   108.3 A(27-30-35)   111.3 
R(22-27)        1.265 A(10-14-18)   110.5 A(33-30-34)   108.2 
R(25-31)        1.077 A(10-14-19)   109.7 A(33-30-35)   108.5 
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IXa 

R(1-2)          1.427 R(22-33)       1.082 A(15-11-16)    99.5 
R(1-3)          1.367 R(26-34)       1.077 A(11-15-20)    104.1 
R(1-4)          1.077 R(27-35)       1.337 A(11-15-23)    111.7 
R(2-5)          1.41 A(2-1-3)        122.1 A(11-15-24)    111.5 
R(2-7)          1.349 A(2-1-4)        117.2 A(11-16-21)    111.7 
R(3-6)          1.408 A(1-2-5)        116.8 A(11-16-22)    122 
R(3-8)          1.078 A(1-2-7)        117.7 A(13-19-26)    122.4 
R(5-9)          1.404 A(3-1-4)        120.7 A(13-19-28)    119.3 
R(5-11)         1.511 A(1-3-6)        120.7 A(18-14-25)    120.7 
R(6-9)          1.374 A(1-3-8)        119.6 A(14-18-26)    120.6 
R(6-12)         1.077 A(5-2-7)        125.5 A(14-18-29)    119.6 
R(7-10)         1.35 A(2-5-9)        119.9 A(20-15-23)    110.1 
R(9-17)         1.079 A(2-5-11)      120.4 A(20-15-24)    110.3 
R(10-13)        1.409 A(2-7-10)      116.9 A(15-20-21)    111.3 
R(10-14)        1.426 A(6-3-8)        119.8 A(15-20-30)    124.1 
R(11-13)        1.512 A(3-6-9)        118.2 A(23-15-24)    109 
R(11-15)        1.566 A(3-6-12)      120.9 A(21-16-22)    126.1 
R(11-16)        1.53 A(9-5-11)      119.7 A(16-21-20)    113.1 
R(13-19)        1.403 A(5-9-6)        122.4 A(16-21-27)    122.4 
R(14-18)        1.367 A(5-9-17)      119.3 A(16-22-31)    110.9 
R(14-25)        1.077 A(5-11-13)     111.3 A(16-22-32)    107.8 
R(15-20)        1.461 A(5-11-15)     113.3 A(16-22-33)    110.3 
R(15-23)        1.08 A(5-11-16)     109.6 A(26-18-29)    119.8 
R(15-24)        1.079 A(9-6-12)      120.9 A(18-26-19)   118.2 
R(16-21)        1.297 A(6-9-17)      118.4 A(18-26-34)    120.9 
R(16-22)        1.455 A(7-10-13)     125.5 A(26-19-28)    118.3 
R(18-26)        1.407 A(7-10-14)     117.7 A(19-26-34)    120.9 
R(18-29)        1.078 A(13-10-14)    116.8 A(21-20-30)    123.9 
R(19-26)        1.374 A(10-13-11)    120.4 A(20-21-27)    124.5 
R(19-28)        1.079 A(10-13-19)    119.9 A(21-27-35)    96.5 
R(20-21)        1.316 A(10-14-18)    122.1 A(31-22-32)    109.3 
R(20-30)        1.005 A(10-14-25)    117.2 A(31-22-33)    110 
R(21-27)        1.748 A(13-11-15)    113.1 A(32-22-33)    108.5 
R(22-31)        1.082 A(13-11-16)    109.4 
R(22-32)        1.078 A(11-13-19)    119.7 
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Xa 

R(1-2)          1.4 R(23-33)       1.079 A(10-14-20)     118.4 
R(1-3)          1.378 R(23-34)       1.08 A(10-15-19)     120.3 
R(1-4)          1.078 R(27-35)       1.076 A(10-15-26)     119.3 
R(2-5)          1.391 A(2-1-3)        120.3 A(14-11-16)     111.7 
R(2-7)          1.385 A(2-1-4)        119.3 A(14-11-17)     110.7 
R(3-6)          1.394 A(1-2-5)        120 A(11-14-20)     121.2 
R(3-8)          1.077 A(1-2-7)        119.6 A(16-11-17)     100.6 
R(5-9)          1.396 A(3-1-4)        120.4 A(11-16-21)     102.3 
R(5-11)         1.525 A(1-3-6)        120.2 A(11-16-24)     111.2 
R(6-9)          1.381 A(1-3-8)        119.6 A(11-16-25)     111.9 
R(6-12)         1.076 A(5-2-7)        120.4 A(11-17-22)     112.5 
R(7-10)         1.386 A(2-5-9)        118.6 A(11-17-23)     122.4 
R(7-13)         1.002 A(2-5-11)      120.5 A(14-20-27)     121.7 
R(9-18)         1.076 A(2-7-10)      121.1 A(14-20-29)     119.6 
R(10-14)        1.392 A(2-7-13)      116.5 A(19-15-26)     120.4 
R(10-15)        1.399 A(6-3-8)        120.2 A(15-19-27)     120.2 
R(11-14)        1.529 A(3-6-9)        119.1 A(15-19-30)     119.6 
R(11-16)        1.561 A(3-6-12)      120.6 A(21-16-24)     110.8 
R(11-17)        1.477 A(9-5-11)      120.8 A(21-16-25)     111.5 
R(14-20)        1.396 A(5-9-6)        121.6 A(10-14-20)     118.4 
R(15-19)        1.378 A(5-9-18)      119.2 A(10-15-19)     120.3 
R(15-26)        1.078 A(5-11-14)     111.1 A(10-15-26)     119.3 
R(16-21)        1.449 A(5-11-16)     111.2 A(14-11-16)     111.7 
R(16-24)        1.083 A(5-11-17)     111.1 A(14-11-17)     110.7 
R(16-25)        1.081 A(9-6-12)      120.3 A(11-14-20)     121.2 
R(17-22)        1.331 A(6-9-18)      119.1 A(16-11-17)     100.6 
R(17-23)        1.453 A(10-7-13)     116.5 A(11-16-21)     102.3 
R(19-27)        1.393 A(7-10-14)     120.4 A(11-16-24)     111.2 
R(19-30)        1.077 A(7-10-15)     119.4 A(11-16-25)     111.9 
R(20-27)        1.382 A(14-10-15)    120.2 A(11-17-22)     112.5 
R(20-29)        1.075 A(10-14-11)    120.3 A(11-17-23)     122.4 
R(21-22)        1.332 A(10-14-20)    118.4 A(14-20-27)     121.7 
R(21-31)        1.003 A(7-10-15)     119.4 A(14-20-29)     119.6 
R(22-28)        1.702 A(14-10-15)    120.2 A(19-15-26)     120.4 
R(23-32)        1.083 A(10-14-11)    120.3 A(15-19-27)     120.2 
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Ts VIIb 

R(1-2)          1.44 R(26-30)        1.41 A(6-9-17)       122.1 
R(1-3)          1.35 R(30-33)        1.392 A(10-7-12)      120.3 
R(1-4)          1.073 R(30-34)        1.391 A(7-10-14)      118 
R(2-5)          1.426 R(33-35)        1.384 A(7-10-15)      124.2 
R(2-7)          1.399 R(33-37)        1.075 A(7-12-16)      110.7 
R(3-6)          1.432 R(34-36)        1.387 A(7-12-18)      111.4 
R(3-8)          1.075 R(34-38)        1.073 A(7-12-19)      111.3 
R(5-9)          1.437 R(35-39)        1.388 A(14-10-15)     117.8 
R(5-11)         1.322 R(35-40)        1.076 A(10-14-11)     123 
R(6-9)          1.348 R(36-39)        1.386 A(10-14-21)     119.3 
R(6-13)         1.075 R(36-41)        1.076 A(10-15-20)     121 
R(7-10)         1.4 R(39-42)        1.075 A(10-15-23)     120.1 
R(7-12)         1.514 A(2-1-3)        121 A(11-14-21)     117.6 
R(9-17)         1.074 A(2-1-4)        120.1 A(16-12-18)     109.2 
R(10-14)        1.426 A(1-2-5)        117.8 A(16-12-19)     107.2 
R(10-15)        1.441 A(1-2-7)        124.2 A(12-16-22)     115.2 
R(11-14)        1.321 A(3-1-4)        118.9 A(12-16-24)     111 
R(12-16)        1.475 A(1-3-6)        120.8 A(18-12-19)     106.8 
R(12-18)        1.078 A(1-3-8)        119.9 A(14-21-25)     120.7 
R(12-19)        1.08 A(5-2-7)        118 A(14-21-29)     117.2 
R(14-21)        1.437 A(2-5-9)        119.3 A(20-15-23)     118.9 
R(15-20)        1.35 A(2-5-11)       123.1 A(15-20-25)     120.8 
R(15-23)        1.073 A(2-7-10)       118.8 A(15-20-28)     119.9 
R(16-22)        1.475 A(2-7-12)       121 A(22-16-24)     109.9 
R(16-24)        1.006 A(6-3-8)        119.3 A(16-22-26)     119.7 
R(20-25)        1.432 A(3-6-9)        120.3 A(16-22-27)     100.5 
R(20-28)        1.075 A(3-6-13)       119.3 A(25-20-28)     119.3 
R(21-25)        1.348 A(9-5-11)       117.6 A(20-25-21)     120.3 
R(21-29)        1.074 A(5-9-6)        120.7 A(20-25-31)     119.3 
R(22-26)        1.244 A(5-9-17)       117.2 A(25-21-29)     122.1 
R(22-27)        1.754 A(5-11-14)     119.2 A(21-25-31)     120.4 
R(25-31)        1.075 A(9-6-13)       120.4 A(26-22-27)     139.8 
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VIIb 

R(1-2)          1.438 R(26-30)        1.406 R(35-39)        1.386 
R(1-3)          1.35 R(27-32)        1.326 R(35-40)        1.076 
R(1-4)          1.072 R(30-33)        1.392 R(36-39)        1.389 
R(2-5)          1.423 R(30-34)        1.393 R(36-41)        1.076 
R(2-7)          1.402 R(33-35)        1.388 R(39-42)        1.075 
R(3-6)          1.431 R(33-37)        1.075 A(2-1-3)        121 
R(3-8)          1.075 R(34-36)        1.385 A(2-1-4)        119.6 
R(5-9)          1.435 R(34-38)        1.075 A(1-2-5)        118 
R(5-11)         1.324 R(35-39)        1.386 A(1-2-7)        123.6 
R(6-9)          1.349 R(35-40)        1.076 A(3-1-4)        119.4 
R(6-13)         1.076 R(36-39)        1.389 A(1-3-6)        120.6 
R(7-10)         1.399 R(36-41)        1.076 A(1-3-8)        120.1 
R(7-12)         1.517 R(39-42)        1.075 A(5-2-7)        118.4 
R(9-17)         1.074 A(2-1-3)        121 A(2-5-9)        119.3 
R(10-14)        1.429 A(2-1-4)        119.6 A(2-5-11)       123 
R(10-15)        1.441 A(1-2-5)        118 A(2-7-10)       118.4 
R(11-14)        1.321 A(1-2-7)        123.6 A(2-7-12)       120 
R(12-16)        1.457 A(3-1-4)        119.4 A(6-3-8)        119.3 
R(12-18)        1.081 A(1-3-6)        120.6 A(3-6-9)        120.4 
R(12-19)        1.079 A(1-3-8)        120.1 A(3-6-13)       119.3 
R(14-21)        1.437 A(5-2-7)        118.4 A(9-5-11)       117.8 
R(15-20)        1.349 A(2-5-9)        119.3 A(5-9-6)        120.7 
R(15-23)        1.073 A(2-5-11)       123 A(5-9-17)       117.5 
R(16-22)        1.365 A(2-7-10)       118.4 A(5-11-14)     119 
R(16-24)        0.998 R(26-30)        1.406 A(9-6-13)       120.4 
R(20-25)        1.432 R(27-32)        1.326 A(6-9-17)       121.9 
R(20-28)        1.075 R(30-33)        1.392 A(10-7-12)     121.6 
R(21-25)        1.348 R(30-34)        1.393 A(7-10-14)     118.1 
R(21-29)        1.074 R(33-35)        1.388 A(7-10-15)     124.2 
R(22-26)        1.257 R(33-37)        1.075 A(7-12-16)     110 
R(22-27)        1.794 R(34-36)        1.385 A(7-12-18)     111.5 
R(25-31)        1.076 R(34-38)        1.075 A(7-12-19)     110.1 
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Ts VIIIb 

R(1-2)          1.418 R(25-35)        1.324 A(10-12-17)     121.2 
R(1-3)          1.363 R(26-31)        1.404 A(10-14-18)     108.3 
R(1-4)          1.075 R(26-36)        1.103 A(10-14-21)     110.5 
R(2-5)          1.358 R(27-32)        1.405 A(10-14-22)     109.8 
R(2-8)          1.076 R(27-37)        1.103 A(16-12-17)     119.3 
R(3-6)          1.417 R(30-39)        1.076 A(12-16-13)     125.3 
R(3-7)          1.077 R(31-38)        1.404 A(12-16-24)     117.3 
R(5-9)          1.432 R(31-40)        1.104 A(12-17-23)     122.2 
R(5-11)         1.075 R(32-38)        1.405 A(12-17-28)     119.5 
R(6-9)          1.413 R(32-41)        1.103 A(13-16-24)     117.4 
R(6-10)         1.471 R(38-42)        1.103 A(18-14-21)     110 
R(9-13)         1.336 A(2-1-3)        118.7 A(18-14-22)     109.9 
R(10-12)        1.469 A(2-1-4)        120.4 A(14-18-19)     112.3 
R(10-14)        1.552 A(1-2-5)        120.7 A(14-18-29)     120.1 
R(12-16)        1.415 A(1-2-8)        119.5 A(21-14-22)     108.4 
R(12-17)        1.417 A(3-1-4)        120.8 A(19-15-20)     128.3 
R(13-16)        1.335 A(1-3-6)        121.9 A(15-19-18)     114.5 
R(14-18)        1.463 A(1-3-7)        118.7 A(15-19-25)     128.7 
R(14-21)        1.078 A(5-2-8)        119.8 A(15-20-26)     120 
R(14-22)        1.078 A(2-5-9)        121.8 A(15-20-27)     120 
R(15-19)        1.265 A(2-5-11)       121.4 A(16-24-30)     121.8 
R(15-20)        1.5 A(6-3-7)        119.4 A(16-24-33)     116.8 
R(16-24)        1.433 A(3-6-9)        119.6 A(23-17-28)     118.3 
R(17-23)        1.363 A(3-6-10)       120.9 A(17-23-30)     118.7 
R(17-28)        1.077 A(9-5-11)       116.8 A(17-23-34)     120.9 
R(18-19)        1.345 A(5-9-6)        117.2 A(19-18-29)     119.8 
R(18-29)        0.996 A(5-9-13)       117.6 A(18-19-25)     116.7 
R(19-25)        1.765 A(9-6-10)       119.4 A(19-25-35)     96.7 
R(20-26)        1.405 A(6-9-13)       125.2 A(26-20-27)     120 
R(20-27)        1.405 A(6-10-12)     113.4 A(20-26-31)     120 
R(23-30)        1.418 A(6-10-14)     116 A(20-26-36)     120 
R(23-34)        1.075 A(9-13-16)     116.8 A(20-27-32)     120 
R(24-30)        1.358 A(12-10-14)    116.7 A(20-27-37)     120.1 
R(24-33)        1.074 A(10-12-16)    119.3 A(30-23-34)     120.4 
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IXb 

R(1-2)        1.427 R(22-29)        1.388 A(7-10-13)      125.4 
R(1-3)        1.366 R(26-35)        1.077 A(7-10-14)      117.7 
R(1-4)        1.077 R(27-36)        1.338 A(13-10-14)     116.9 
R(2-5)        1.41 R(28-33)        1.387 A(10-13-11)     120.1 
R(2-7)        1.348 R(28-37)        1.074 A(10-13-19)     119.8 
R(3-6)        1.408 R(29-34)        1.387 A(10-14-18)     122.1 
R(3-8)        1.078 R(29-38)        1.074 A(10-14-25)     117.2 
R(5-9)        1.405 R(33-39)        1.388 A(13-11-15)     113.2 
R(5-11)      1.507 R(33-40)        1.077 A(13-11-16)     109.5 
R(6-9)        1.373 R(34-39)        1.388 A(11-13-19)     120 
R(6-12)      1.077 R(34-41)        1.077 A(15-11-16)     98.9 
R(7-10)      1.348 R(39-42)        1.077 A(11-15-20)     104.7 
R(9-17)      1.079 A(2-1-3)        122.1 A(11-15-23)     111.8 
R(10-13)    1.41 A(2-1-4)        117.2 A(11-15-24)     111.4 
R(10-14)    1.427 A(1-2-5)        116.9 A(11-16-21)     111.2 
R(11-13)    1.508 A(1-2-7)        117.6 A(11-16-22)     124.2 
R(11-15)    1.564 A(3-1-4)        120.7 A(13-19-26)     122.4 
R(11-16)    1.561 A(1-3-6)        120.6 A(13-19-30)     119.4 
R(13-19)    1.404 A(1-3-8)        119.6 A(18-14-25)     120.7 
R(14-18)    1.366 A(5-2-7)        125.5 A(14-18-26)     120.6 
R(14-25)    1.077 A(2-5-9)        119.8 A(14-18-31)     119.6 
R(15-20)    1.46 A(2-5-11)       120.1 A(20-15-23)     110 
R(15-23)    1.079 A(2-7-10)       116.9 A(20-15-24)     110.3 
R(15-24)    1.079 A(6-3-8)        119.8 A(15-20-21)     111.8 
R(16-21)    1.3 A(3-6-9)        118.2 A(15-20-32)     123.5 
R(16-22)    1.433 A(3-6-12)       120.9 A(23-15-24)     108.6 
R(18-26)    1.408 A(9-5-11)       120.1 A(21-16-22)     124.6 
R(18-31)    1.078 A(5-9-6)        122.4 A(16-21-20)     113.2 
R(19-26)    1.373 A(5-9-17)       119.4 A(16-21-27)     122.5 
R(19-30)    1.079 A(5-11-13)      111.4 A(16-22-28)     119.8 
R(20-21)    1.314 A(5-11-15)      113.4 A(16-22-29)     119.6 
R(20-32)    1.005 A(5-11-16)      109.8 A(26-18-31)     119.8 
R(21-27)    1.748 A(9-6-12)       120.9 A(18-26-19)     118.2 
R(22-28)    1.388 A(6-9-17)       118.2 A(18-26-35)     120.9 
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Xb 

R(1-2)          1.403 R(23-29)       1.388 A(6-9-18)       118.5 
R(1-3)          1.375 R(23-30)       1.387 A(10-7-13)      118.1 
R(1-4)          1.078 R(27-36)       1.076 A(7-10-14)      120.8 
R(2-5)          1.391 R(29-34)       1.387 A(7-10-15)      119.1 
R(2-7)          1.377 R(29-37)       1.074 A(14-10-15)     120.1 
R(3-6)          1.396 R(30-35)       1.388 A(10-14-11)     121.6 
R(3-8)          1.077 R(30-38)       1.074 A(10-14-20)     118.3 
R(5-9)          1.399 R(34-39)       1.388 A(10-15-19)     120.4 
R(5-11)         1.524 R(34-40)       1.077 A(10-15-26)     119.1 
R(6-9)          1.378 R(35-39)       1.388 A(14-11-16)     111.4 
R(6-12)         1.076 R(35-41)       1.077 A(14-11-17)     110.3 
R(7-10)         1.377 R(39-42)       1.077 A(11-14-20)     120.1 
R(7-13)         1.001 A(2-1-3)        120.4 A(16-11-17)     100.5 
R(9-18)         1.077 A(2-1-4)        119.1 A(11-16-21)     103.1 
R(10-14)        1.39 A(1-2-5)        120.1 A(11-16-24)     111.8 
R(10-15)        1.403 A(1-2-7)        119.1 A(11-16-25)     111.5 
R(11-14)        1.526 A(3-1-4)        120.4 A(11-17-22)     112.5 
R(11-16)        1.561 A(1-3-6)        120.2 A(11-17-23)     122.7 
R(11-17)        1.504 A(1-3-8)        119.6 A(14-20-27)     122 
R(14-20)        1.399 A(5-2-7)        120.8 A(14-20-31)     119.4 
R(15-19)        1.375 A(2-5-9)        118.2 A(19-15-26)     120.4 
R(15-26)        1.078 A(2-5-11)      121.6 A(15-19-27)     120.2 
R(16-21)        1.447 A(2-7-10)      122.6 A(15-19-32)     119.6 
R(16-24)        1.081 A(2-7-13)      118.2 A(21-16-24)     110.9 
R(16-25)        1.08 A(6-3-8)        120.2 A(21-16-25)     111.3 
R(17-22)        1.336 A(3-6-9)        119 A(16-21-22)     113.7 
R(17-23)        1.431 A(3-6-12)      120.6 A(16-21-33)     123.9 
R(19-27)        1.396 A(9-5-11)      120.2 A(24-16-25)     108.2 
R(19-32)        1.077 A(5-9-6)        122.1 A(22-17-23)     124.7 
R(20-27)        1.378 A(5-9-18)      119.4 A(17-22-21)     109.4 
R(20-31)        1.077 A(5-11-14)    111.8 A(17-22-28)     127.2 
R(21-22)        1.328 A(5-11-16)    111.8 A(17-23-29)     120.1 
R(21-33)        1.003 A(5-11-17)    110.4 A(17-23-30)     119.9 
R(22-28)        1.703 A(9-6-12)      120.4 A(27-19-32)     120.2 
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List of Symbols and Abbreviations 
 

Abbreviations: 

A  adenine 

Acr  acridine 

C  cytosine 

CPD  cyclobutane pyrimidine dimer 

DFT  density functional theory 

DNA  deoxyribonucleic acid 

Ee              internal energy due to electronic motion 

Er             internal energy due to rotational motion 

Etot              total internal energy (Et + Er + Ev + Ee) 

Et              internal energy due to translation 

Ev              internal energy due to vibrational motion 

G  guanine 

Gcorr              correction to the Gibbs free energy due to internal energy 

Hcorr              correction to the enthalpy due to internal energy 

HF  Hartree-Fock theory 

I              moment of inertia 

IRC  intrinsic reaction coordinate 

K              index of vibrational modes 

k  rate constant 

Me  methyl 

MD  molecular dynamics 

MP  Møller-Plesset theory 

N              number of moles 

P              pressure (default is 1 atmosphere) 

PCM  polarized continuum model 

PES  potential energy surface 

Ph  phenyl 

PME  particle mesh ewald 
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PT  proton transfer 

RMSD  root mean square deviation 

RNA  ribonucleic acid 

Se              entropy due to electronic motion 

Sr              entropy due to rotational motion 

Stot              total entropy (St + Sr + Sv + Se) 

St              entropy due to translation 

Sv              entropy due to vibrational motion 

T   thymine 

T              temperature (default is 298.15) 

TS  transition state 

V              volume 

 

Units and Constants: 

Å  Ångstrom, 1 Å = 10.-10 m 

e  elementary charge, e = 1.602.10-19C 

h  Planck's constant = 6.626176 .10-34 J.s 

R  gas constant, 8.413 J.K-1.mol-1 

kB  Boltzmann constant = 1.3807.10-23 J.K-1  
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