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Abstract 

 

The thione-thiol tautomerism has been only scarcely investigated in spite of its well-known 

relevance in chemical processes. In this thesis, investigations on the tautomerism of 2-mercaptoimidazole, 

2-mercaptobenzimidazole and their 1-methyl substituted derivatives (1-methyl-2-mercaptoimidazole and 

1-methyl-2-mercaptobenzimidazole) are reported. 

The photoinduced thione-thiol tautomerism in these molecules was investigated by low-

temperature matrix isolation spectroscopy and quantum chemical calculations. The initial population of 

the studied molecules trapped in the matrices, in all the performed experiments, comprised only the 

thione tautomer, the thermodynamically most stable tautomer predicted by DFT(B3LYP)/6-11++G(d,p) 

calculations. Upon in situ narrowband UV irradiation, the as-deposited thione forms were partially 

converted into the corresponding thiol forms. The photoreversibility of this type of process was proved 

for the benzosubstituted 2-mercaptoimidazoles, by undertaken selective irradiation of the thiol forms (at 

λ = 246 nm). The thiol → thione conversion was shown to have a greater efficiency than the thione → 

thiol conversion.  

 An interesting result extracted from the performed quantum chemical calculations is that the 

studied molecules do not exhibit any intramolecular H-bond, a result that has been also confirmed by the 

crystal data. This points to a mechanism of phototautomerization involving a hydrogen atom transfer from 

the nitrogen of the imidazole ring to the sulphur atom (or vice versa), which shall take place via bond-

breaking and re-attachment, instead of the well-known ESIPT process.  

The investigation on the tautomerism of 2-mercaptoimidazole in the solid state was also 

undertaken by Raman microspectroscopy, X-ray diffraction, polarized light thermal microscopy and 

differential scanning calorimetry. The results showed also only the presence of the thione tautomer in the 

solid state. In spite of our attempts to generate different crystalline forms, polymorphism was not 

observed for this molecule.  

 On the other hand, in the course of solid state investigations, a new polymorph of 2-[(1H-

Imidazol-2-yl)disulfanyl]-1H-imidazole (a dimer of 2MI) was synthetized and characterized by Raman 

spectroscopy and single crystal X-ray diffraction. X-ray results revealed a structure with four symmetry 

independent molecules in the unit cell (Z’ = 4), which assume conformations similar to all of the possible 
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conformers of the molecule predicted by the calculations performed on the single molecule of the 

compound. Detailed analyses of the structure of the new polymorph of this compound and of its thermal 

properties were also undertaken. 
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Resumo  

 

Apesar da sua relevância em vários processos químicos, o tautomerismo tiona-tiol não tem sido 

objecto de muitos estudos. O trabalho apresentado nesta tese centra-se no estudo deste tipo de 

tautomerismo nas moléculas 2-mercaptoimidazol, 2-mercaptobenzimidazol e dos seus derivados 

metilados (1-metil-2-mercaptoimidazol e 1-metil-2-mercaptobenzimidazol).  

O foto-tautomerismo nestes compostos foi investigado usando espectroscopia de infravermelho 

com isolamento em matrizes criogénicas e métodos computacionais. Antes da irradiação dos compostos 

previamente isolados numa matriz criogénica (árgon), a comparação da informação espectral 

experimental e calculada levou à conclusão de que o tautómero tiona era único tautómero presente nas 

matrizes. Este resultado é coerente com os cálculos realizados ao nível DFT (B3LYP)/6-11++G(d,p), através 

dos quais foi possível concluir que o tautómero tiona é o tautómero termodinamicamente mais estável. 

Após a irradiação das matrizes com luz UV de banda estreita, a comprimento de onda criteriosamente 

selecionado, os tautómeros tiona das espécies isoladas foram parcialmente convertidos nos respectivos 

tióis. Para além disso, a reversibilidade do tautomerismo foi confirmada para o caso dos 2-

mercaptoimidazóis benzo substituídos através da irradiação selectiva a λ = 246 nm.  Este último processo 

revelou-se mais eficiente que a conversão thiona → thiol. 

Uma vez que nas moléculas isoladas dos compostos estudados não existem ligações de hidrogénio 

intramoleculares, facto que é sustentado pelas estruturas cristalinas dos compostos e pelos cálculos 

teóricos realizados para as moléculas isoladas, o mecanismo por transferência de protão intramolecular 

(ESIPT) não pode ser considerado para explicar as reacções de tautomerização observadas. Um possível 

mecanismo consiste na transferência de átomo de hidrogénio do anel imidazol para o átomo de enxofre 

(ou vice-versa), através de um processo de clivagem de ligação (N-H ou S-H), seguida da recombinação do 

átomo de hidrogénio com o radical inicialmente formado em posição distinta da original (S ou N, 

respectivamente).  

A investigação sobre o tautomerismo do 2-mercaptoimidazole no estado sólido foi realizada por 

microespectroscopia de Raman, difração de raios X, termomicroscopia com luz polarizada e calorimetria 

diferencial de varrimento. Os resultados das experiências realizadas comprovaram que apenas que o 
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tautómero mais estável existe em fase cristalina. Apesar das tentativas realizadas, não foi possível obter 

mais do que um polimorfo do composto.  

Por ouro lado, no decorrer das investigações do estado sólido, foi sintetizado um novo polimorfo 

do composto 2-[(1H-imidazol-2-il)dissulfanil]-1H-imidazo (um dímero do 2-MI), que foi posteriormente 

caracterizado por espectroscopia de Raman e difração de raios-X de monocristal. Os resultados revelaram 

uma estrutura com quatro moléculas independentes (Z '= 4) na célula unitária. A estrutura deste 

polimorfo foi caracterizada em detalhe e foi também efetuado o estudo das propriedades térmicas deste 

novo material. Um resultado muito interessante, foi a observação, no cristal, de unidades monoméricas 

com conformações que se assemelham a todos os possíveis confórmeros previstos para a molécula 

isolada deste composto. 
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Chapter I. Introduction 

 

1.1 2-Mercaptoimidazoles, 2-Mercaptobenzimidazoles and their 1-

Methyl Substituted Derivatives 

 

 The applications of 2-mercaptoimidazoles, 2-mercaptobenzimidazoles and their 1-methyl-

derivatives are vast. The interest on the chemistry of this type of nitrogen and sulphur containing 

molecules results mostly from their significant role in coordination chemistry, since they can effectively 

act as N, S bridging/chelating ligands of a wide range of metal ions1-3, and also because their applications 

in organic and medicinal chemistry as antithyroid drugs.3-6 1-methyl-2-mercaptoimidazole, commonly 

known as methimazole, is a coordination drug which is currently used for the treatment of Graves 

disease.4,5 These compounds have also been applied in materials science as dyes, catalytic agents, and 

rubber antioxidants.7 Furthermore, these type of molecules can exhibit tautomerism and may exist as 

thione and/or thiol tautomeric forms8 (figure 1). Another interesting feature is that the thiol forms can be 

easily oxidized into to the corresponding symmetrical disulfide compounds, which, in turn, can also be 

easily reduced to the initial thiols.9  

 

  

 
 
Figure 1. Tautomeric molecular structures of the compounds studied in this work. 1. 2-mercaptoimidazole 2. 2-

mercaptobenzimidazole 3. 1-methyl-2-mercaptoimidazole 4. 1-methyl-2-mercaptobenzimidazole.  
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Despite the well-established applications, several features concerning the structure and 

properties of these type of molecules still remain unclear. In fact, the thione/thiol tautomerism, involving 

the sulphur atom, has been much less studied than the related oxo/ hydroxy oxygen tautomerism. 

 

 

1.2 Tautomerism 

 

1.2.1 Concept 

 

 According to the IUPAC definition10 tautomerism is an isomerism of the overall form: 

 

G-X-Y = Z ⇆ X = Y-Z-G                                                     (𝟏. 𝟐. 𝟏)                                                    

 

where the isomers (tautomers) are interconvertible; the atoms which connect the groups X, Y, and Z are 

typically C, N, O or S atoms, and G is a group that act as electrofuge or nucleofuge through the 

isomerization.   

 Tautomers of a molecule usually have different physical and chemical properties and 

tridimensional shape and, consequently, molecular fingerprints. A well-known and extremely relevant 

result of tautomerism and differences between tautomers occurs in both purine and pyrimidine bases of 

DNA.11 Since tautomers have different structures, and consequently the protons occupy different 

positions in the molecules, when a nucleotide base shifted into one of its rare tautomers the result may 

be a pair mismatching, with all possible consequences of this.11,12  

 

 

1.2.2 Tautomerism and Environment 

 

 During several years, the knowledge around the concept of tautomerism was only empirical and 

qualitative. Near the eighties of the previous century, the understanding of the thermodynamic aspects 

of the tautomerism of heteroaromatic molecules was improved and, nowadays, the dependence of the 

tautomeric forms on the surrounding chemical environment13,14 as the influence of substituent, solvents, 

temperature and pH, is well known, and both qualitative and quantitative analyses can be performed on 

tautomeric systems due to the increasing accuracy of calculations and of experimental methodologies. 
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Currently, it is possible to determine thermodynamic and kinetic aspects related to tautomerism in 

solution, solid and gas phases, comprising ground and excited states.  

 Tautomerism may be of various types.10,15 Usually, tautomerization involves proton transfer and 

hydrogen bonding is often associated. This process can be both intra and intermolecular, and solvent 

molecules can participate in it. Tautomerism comprising excited states can also occur by other 

mechanism,19-22 which is discussed below.  

 

 

1.2.2.1 Phototautomerism  

 

In matrix isolation experiments, tautomerization can occur by thermal activation18 or can be 

photoinduced. The typically known photochemical process of the proton-transfer occurring after 

excitation is defined as ESIPT (Excited-State Intramolecular Proton Transfer).15-17 ESIPT processes can 

occur in systems which possess a proton donor and proton acceptor linked by a hydrogen bond. However, 

several phototautomerisms have been induced in molecular species which do not bear any intramolecular 

H-bond interactions.23-36 The first observation of an UV-induced hydrogen-atom-transfers process from a 

nitrogen atom of a heterocyclic ring to an exocyclic oxygen in this type of molecular systems, and in inert 

gas matrices, was reported by Łapiński et al. for 4(3H)-pyrimidinone.23-25 After this study, similar hydrogen-

atom-transfer processes for molecules bearing one, two or more heteroatoms were observed, such as in 

2(1H)-pyrdinone,26,27 3(2H)-pyridazinone,28 4(3H)-pyrimidinethione,29 3(2H)-pyridazinethione,29 maleic 

hydrazide,30 cytosine,31-33 isocytosine,34 phenol,35 thiophenol36 and 7-azaindole37 isolated in low 

temperature matrices .  

Since no intramolecular H-bonds exist in these type of systems the phototautomerization 

mechanism must be completely different from the ESIPT process. Such hypothesis has been supported by 

experiments using solid hydrogen as a matrix-host material.38-41 The proposed mechanism involves the 

hydrogen atom detachment, occurring after excitation of the chemical species under study, with 

subsequent radical formation, followed by radical recombination. This mechanism was not yet completely 

elucidated, and has been drawn from the theoretical model proposed by Sobolewski et al.19-22 

 

 

1.2.2.2 Solid State  

 

In the solid state, the concept of tautomerism is often referred to tautomeric polymorphism. 

However, the oldest definition of polymorphism, suggested by McCrone,42,43 implies that existence of 
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polymorphism requires that “at least two different arrangements of the molecules of that compound in 

the solid state exist that give rise to the same species in the melted state”. Such definition excludes the 

tautomerism, because this one lead, a priori, to the formation of different molecules. 

 The term desmotropy was introduced by Jacobson44,45 and refers to the crystallization of a 

compound in different tautomers. If a compound can be isolated in different tautomeric forms 

(separately), as rhodanine46-48 shown in figure 2, it shall be named desmotropic. Desmotropy is not a very 

rare phenomenon, but is often found under the headings “tautomerism” or “polymorphism”.49-51 

Tautomerization in the solid state is an example of dynamic desmotropy.52-53 

 

 

 

Figure 2. Desmotropic Rhodanine.46-48 

 

  Besides desmotropy, another interesting phenomenon can occur upon the crystallization of 

chemical species that can exhibit tautomerism: the same crystal can contain, simultaneously, two 

tautomers, usually establishing hydrogen bonds.54-56 However, in contrast to solution, in which tautomers 

in general coexist, in the crystalline state typically only one the tautomer is present in the crystal. 

Commonly, this corresponds to the most stable tautomer (thermodynamic crystal), especially if the 

energy difference (and activation energy) between the two tautomers is large. However, since the 

crystallization process depends on the balance of thermodynamics and kinetics, and that in solution both 

tautomers are generally present, the final product may result from the less stable but faster growing 

crystallization nuclei. It is also relevant to take into account that intermolecular forces may play an 

important role in stabilizing of less stable tautomers in the solid state (metastable tautomers). 

 

 

1.3 The Aim of this Thesis 

  

 The work presented in this thesis aims to contribute to a better understanding of tautomerism in 

2-mercaptoimdazole, 2-mercaptobenzimidazole, and their 1-methyl-derivatives (1-methyl-2-

mercaptoimidazole and 1-methyl-2-mercaptobenzimidazole). This includes an investigation of the 

molecular structure of the compounds by quantum chemical calculations, in order to clarify structure-
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energy relations between their two tautomeric forms (and also between the four molecules), an 

experimental determination and characterization of the most stable tautomeric forms in low temperature 

matrices, an investigation of the effect of in situ narrowband UV irradiation on the tautomerism of the 

isolated molecules, as well as the reactional mechanism. The work aimed also the elucidation of structural 

aspects of the solid state phases of the compound using infrared spectroscopy, Raman 

microspectroscopy, X-ray diffraction, polarized light thermal microscopy and differential scanning 

calorimetry, besides computational studies performed using contemporary computational methods of 

quantum chemistry.  

 

 

1.4 Computational Chemistry  

 

Theoretical chemistry can be considered the mathematical representation of chemistry. In this 

field, the study of chemical properties and reactions is done using the combination of mathematical 

models and fundamental laws of physics.  

Computers development has led to an increase of the application of quantum chemical 

calculations as a tool to aid the interpretation of experimental results. Nowadays, it is possible to 

determine the relative stability of species and calculate their vibrational spectra, for example, with a very 

satisfactory level of approximation, allowing the direct comparison of theoretical and experimental data.  

In this work, quantum chemical calculations performed using the Density Functional Theory (DFT) 

method with the Becke’s three-parameter Lee, Yang and Parr exchange functional (B3LYP), were used to 

estimate geometries, energies, and vibrational spectra of the tautomeric species of the molecules under 

investigation, their possible conformers and also products of their photolysis, including reactive 

intermediates. These calculations proved to be essential to the correct and detailed 

analysis/interpretation of the experimental results. The theoretical foundations of the method used in 

this study are briefly described in more detail in the next subsection 1.4.1.  

 

 

1.4.1 Density Functional Theory  

 

The proper treatment of electron-electron interactions in molecular systems which contain two 

or more electrons has been the major difficulty of all electronic structure methods developed hitherto.57-

60 In the Hatree-Fock (HF) method, the electronic energy is overestimated.57,58,60 Møller-Plesset (MP) 

perturbation theory57,58 and Configuration Interaction method (CI),57,58 developed from the Hartree-Fock 
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theory, can give accurate electronic energies results, but they are limited to small molecules. When 

applied to large systems, the computation time becomes very expensive. These large computational 

demands, arise mainly from the expensive computation of the molecular wave-function used to 

determine the electronic energy, which becomes too complex with the increasing number of electrons.  

Density Functional Theory (DFT) is computationally very efficient approach to solve polyelectronic 

systems,59 and is, nowadays, the most widely-used quantum chemical method.  

The DFT method is based in the work of Hohenberg, Kohn and Sham.57-59;61,62 Hohenberg and Kohn 

established that the electronic energy, 𝐸, of a chemical system is determined through a physical property, 

the total electron density , 𝜌(𝑟). This means that the energy is a function of a function, i.e., it is a 

functional. Moreover, they further proved that the exact ground state corresponds to the global minimum 

value of the functional. However, the Hohenberg-Kohn theorems do not establish the form of the 

functional relating 𝐸 and 𝜌(𝑟), although the equations developed later by Kohn and Sham made the DFT 

method applicable. According to the Kohn-Shank formulation, the total energy, as function of density, 

𝐸[𝜌(𝑟) ],  is described in the following terms: 

 

𝐸[𝜌(𝑟)] = 𝐸𝑇[𝜌(𝑟)] + 𝐸𝑉[𝜌(𝑟)] + 𝐸𝐽[𝜌(𝑟)] + 𝐸𝑋𝐶[𝜌(𝑟)]                        (𝟏. 𝟒. 𝟏) 

                       

where 𝐸𝑇 is the kinetic energy, 𝐸𝑉  is the nuclear - electronic attraction potential energy, 𝐸𝐽 is the classic 

Coulombic inter-electronic repulsion and 𝐸𝑋𝐶  the exchange-correlation energy functional.   

In fact, there is a relation between the total electron density and the normalized wave function, 

since the electron density is the result of the square of the normalized wave function divided by the total 

number of electrons of the system. The electron density 𝜌(𝑟) is represented by a linear combination of 

basis sets and is related with the Kohn-Sham orbitals, 𝜓𝑖
𝑘𝑠, equation 1.4.2:  

 

𝜌(𝑟) =  2 ∑|𝜓𝑖
𝑘𝑠(𝑟)|

2
𝑜𝑟𝑏

𝑖

                                                       (𝟏. 𝟒. 𝟐) 

 

In turn, the Kohn-Sham orbitals, 𝜓𝑖
𝑘𝑠, that allow the calculation of the electronic density, are 

determined by the solution of the equation: 

 

ℎ̂𝑖
𝑘𝑠 𝜓𝑖

𝑘𝑠 =  ε𝑖𝜓𝑖
𝑘𝑠                                                            (𝟏. 𝟒. 𝟑) 

 

where ℎ̂𝑖
𝑘𝑠  is the Kohn-Sham operator and ε𝑖 are the Kohn-Sham orbital energies.  
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Some relevant problems of this method are related to the approximated nature of the exchange-

correlation energy functional. In order to solve this problem, some approximations have been developed 

to calculate this functional, including the Local Spin Approximation (LSDA), the Generalized Gradient 

Approximations (GGA), and the simplest one, based on the uniform electron density through the system 

under analysis, the Local Density Approximation (LDA).59, Other methods, designated by hybrid methods, 

have been developed with the same purpose. The hybrid B3LYP functional,63-67 used in this work, is one of 

the most widely used to perform chemical calculations. In the B3LYP functional, the exchange term was 

developed by Becke,63 and the correlation functionals were developed by Lee, Yang and Parr (LYP)67 and 

Vosko, Wilk and Nussair (VWN):66  

 

𝐸𝑥𝑐
B3LYP = (1 − a)𝐸𝑥

LSDA + 𝐸𝑥
HF + b∆𝐸𝑥

B + (1 − c) 𝐸𝐶
𝑉𝑊𝑁 +  c𝐸𝐶

LYP                  (𝟏. 𝟒. 𝟒) 

          

where the a, b and c are the three Becke parameters, 𝐸𝑥
LSDA is the exchange-energy functional with the 

Local Spin Density Approximation (LSDA), 𝐸𝑥
HF is the HF exchange functional,  ∆𝐸𝑥

B is the Becke exchange 

functional, 𝐸𝐶
VWN is the Vosko, Wilk and Nussair correlation functional, and c𝐸𝐶

LYP is the Lee, Yang and 

Parr correlation functional.  

This method has been shown to provide a useful balance between computational efficiency and 

accuracy, and it has been frequently applied in the research carried out in LMCB group, particularly for 

calculation of geometries, relative energies and vibrational spectra.  

 

 

1.4.2 Basis Sets  

 

 As referred to above, the molecular orbitals are expressed as linear combination of basis functions 

(see equation 1.4.2), generally centered on atomic nuclei. Nowadays, a large number of basis sets are 

available to perform the calculations, and a correct choice of the basis set is crucial to guarantee both 

good accuracy in the results and affordable computational cost.  

Pople basis sets are also known by split-valence basis sets and are the most commonly used.68,69 

The name comes from the fact that the valence orbitals are represented by more than one set of 

functions, thus improving the flexibility of the basis set in the description of the regions of molecular space 

that are more relevant to chemistry, since the valence electrons are those that mainly contribute to 

bonding. Further flexibility in the basis set can be attained by the additional use of polarization and diffuse 

functions. 
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  In this work, the Pople 6-311++G(d,p) basis set was used to perform all calculations. This basis is 

a split-valence triple-ζ basis set augmented with polarization functions in both hydrogen and heavier 

atoms as well as diffuse functions. In the name of the basis set, the number 6 refers to the number of the 

Gaussian functions used to represent the core orbitals. The numbers followed by the hyphen refer to the 

description of the valence shell and correspond to the number of Gaussian functions used in the 

treatment of the valence orbitals (three sets of primitive Gaussians: 3 contracted functions plus two single 

Gaussians, affording three basis functions per valence orbital). The polarization functions describe atomic 

orbitals of higher quantum numbers than those necessary to describe the ground state atomic 

configuration and, in this case, correspond to d and p-type orbitals, for heavy atoms and hydrogens, 

respectively.69 The included diffuse functions are represented by the symbol “+”, and correspond to 

Gaussian functions of small exponent, which then cover regions of the space far from the nucleus where 

they are centered.70 These type of functions are usually necessary to the description of molecular systems 

that contain lone pairs of electrons or species participating in weak closed-shell type interactions. They 

are also relevant for a correct prediction of polarizabilities and dipole moments, so being in general 

considered to be relevant for a proper prediction of IR and Raman intensities.  

 

 

1.4.3 Normal Coordinate Analysis 

 

 The normal coordinate analysis allows the characterization of the vibrational modes. The FG 

Wilson method,71 which was the selected method to perform the vibrational calculations in this study, is 

based in the Classical Mechanics and is the most widely used method to perform the normal mode 

analysis. The normal mode frequencies are calculated taking into account the force constants, reduced 

masses and molecular geometries. The composition of the normal modes in terms of internal, or 

symmetry, coordinates, is possible to acquire by this method and is represented by the potential energy 

distribution (PED) matrix. 72  

 The five extended degrees of freedom for movement of the nuclei for a linear molecule are three 

coordinates for the motion of the center of mass and two rotational angles; hence, 3N-5 internal 

coordinates refer to the molecular vibrations. In the case of non-linear molecules, there are three possible 

rotational angles instead of two, hence 3N-6 non-linear internal coordinates for vibrations description.  

According to the laws of Classical Mechanics, the vibrational modes and frequencies can be 

obtained by solving the Newton’s equations of motion. Succinctly, the description of the vibrational 

energy can be defined in terms of kinetic and potential energies. This terms can be described in terms of 

internal coordinates by the following matricial equations:  
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𝑇 =
1

2
𝑫′𝒕𝑮−𝟏𝑫′                                                                    (𝟏. 𝟒. 𝟓) 

 

𝑉 =  
1

2
𝑫𝒕𝑭𝑫                                                                         (𝟏. 𝟒. 𝟔) 

 

In this matricial notation, 𝑫 in the column vector of the internal coordinates and 𝑫′ the vector of their 

time derivatives. 𝑭 represents the force constants matrix in terms of internal coordinates, and the 𝑮 

matrix is related to the masses of atoms and geometry. The 𝑭 and 𝑮 matrices are symmetric and their 

dimensions are equal to the number of internal coordinates of the molecule. The elements of the 𝑮 matrix 

can be obtained from the nuclei masses and molecular geometries by the following relation: 

 

𝑮 = 𝑩𝑴−𝟏𝑩𝒕                                                                      (𝟏. 𝟒. 𝟕) 

 

where 𝑴−𝟏 is a diagonal matrix (3N x 3N) of the inverse nuclear masses, in which the nuclear mass of 

each nuclei is repeated three consecutive times in the diagonal. 𝑩 is the matrix that converts the Cartesian 

displacement coordinates into the internal coordinates of the molecule. This conversion is given by the 

expression: 

𝑫 = 𝑩𝑹                                                                           (𝟏. 𝟒. 𝟖) 

 

The normal coordinates, represented by the vector 𝑸, are the 3N-6 orthogonal coordinates that 

describe the atoms motion in each molecular vibration. This vector is related to the internal coordinates 

by the linear transformation 𝑫 = 𝑳𝑸. The 𝑳 matrix results from the juxtaposition of the 3N-6 eigenvectors 

of the FG product matrix.  

The kinetic and potential energies can be written, in terms of the normal coordinates and their 

derivatives with time, as the following matricial equations:  

 

𝑇 =  
1

2
𝑸′𝒕𝑳𝒕𝑮−𝟏𝑳𝑸′ =  

1

2
𝑸′𝒕𝑬𝑸′                                                (𝟏. 𝟒. 𝟗) 

 

 

𝑉 =  
1

2
𝑸𝒕𝑳𝒕𝑭𝑳𝑸 =  

1

2
𝑸𝒕Ʌ𝑸                                                      (𝟏. 𝟒. 𝟏𝟎) 
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where 𝑬 and Ʌ are the diagonal identity matrix and the diagonal matrix composed by the eigenvalues of 

the FG matrix, respectively. In this way, the vibrational energy of a molecule is given by the following 

equation:   

 

𝐸𝑣𝑖𝑏 =  
1

2
𝑸′𝒕𝑬𝑸′ + 

1

2
𝑸𝒕𝜦𝑸                                                  (𝟏. 𝟒. 𝟏𝟏) 

 

Taking into account that 𝑳𝒕𝑭𝑳 =  𝜦, since  𝑳𝒕𝑮−𝟏𝑳 = 𝑬  or  𝑳𝒕 =  𝑳−𝟏𝑮 , the following equation is 

obtained: 

 

𝑳−𝟏𝑭𝑮𝑳 =  𝜦                                                                 (𝟏. 𝟒. 𝟏𝟐) 

 

which describes the diagonalization of the FG matrix. In fact, the normal modes determination implies 

finding the 𝑳 matrix that works as operator for diagonalizing the FG product matrix. In practice, the 3N-

6 solutions of the diagonalization procedure, that are related one-by-one to the vibrational frequencies, 

are obtained by solving the following secular determinant: 

 

|𝑭𝑸 − 𝑬𝝀𝒊| = 0                                                             (𝟏. 𝟒. 𝟏𝟑) 

 

Each solution, 𝝀𝒊, of the previous equation corresponds to one of the eigenvalues of the FG 

matrix and is related to a group of eigenvectors, 𝑳𝒊, which differ from each other by a constant. 

The most relevant results extracted from the FG method are the frequencies and the composition 

of each vibrational mode in terms of internal coordinates. As said above, the frequencies are directly 

related with the eigenvalues of the FG matrix. On the other hand, the characterization of each vibrational 

mode can be performed by taking into account the calculated potential energy distributions (PEDs), i.e., 

the composition of the force constant expressed in the normal coordinates system in terms of the force 

constants in the internal coordinates system. This last result can be easily understood: the kinetic energy 

term of a vibrational mode is equal to zero when the atoms reach the vibration turning point (i.e., the 

maximal distance from the equilibrium position); then, the vibrational energy is equal to the potential 

energy, which is proportional to 𝝀𝒊 , which is associated to the normal coordinate Qi. Since 𝝀𝒊 is in fact the 

force constant associated with the normal coordinate Qi., it can be expanded in terms of the force 

constants expressed in the internal coordinates system:  

 

𝑳𝒊
  𝒕 𝑭𝑳𝒊 = 𝜆𝑖                                                                (𝟏. 𝟒. 𝟏𝟒) 
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Then, since the first member of the equation can be expressed as a sum: 

 

∑(𝛼;𝛽)𝑳𝒊
  𝛼𝑳𝒊

  𝛽
𝑭(𝛼;𝛽)                                                           (𝟏. 𝟒. 𝟏𝟓) 

 

where  and  refer to the internal coordinates, the potential energy distribution (PED), in percentage, is 

given by the expression: 

  

[𝑃𝐸𝐷]
𝑖

  𝐹(𝛼;𝛽)
=  

100𝑳𝒊
  𝛼𝑳𝒊

  𝛽
𝑭(𝛼;𝛽) 

𝜆𝑖
                                                 (𝟏. 𝟒. 𝟏𝟔) 

 

 

1.5 Matrix Isolation 

 

Matrix isolation was initially developed, almost simultaneously, by George Pimentel (in USA) and 

by George Porter (in UK), in 1954, and refers to a method whereby guest chemical species are mixed with 

a large excess of a host gas (usually inert and non-reactive) and condensed onto a cold window (4-30 K) 

in order to ensure the quickly solidification of the mixture.73,74 Thus, the target chemical species are 

trapped in a rigid cage of inert material as represented in figure 3, the “matrix”, and isolated from each 

other by layers of the host gas (usually noble gases or other cryogenic “inert” solids). Under these 

conditions, the interactions between the solute molecules are virtually absent, and, due to the inertness 

of the matrix host gas, the solute-solvent interactions are also negligible. This makes the matrix isolation 

method an excellent approach for simulating the gas phase and trapping unstable species.73-76;78 

 

 

 

Figure 3. Schematic representation of trapped molecular species in a matrix host.73 

 

The absence of relevant contacts between potentially reactive species, and the very low work 

temperature provide a perfect environment for stabilizing short-lived chemical species, such as reactive 

intermediates or other unstable species, which are stabilized in their ground electronic and vibrational 
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states and, subsequently, can be detected and characterized by stationary spectroscopic methods (e.g., 

infrared, Raman, UV/vis spectroscopies). Moreover, since the molecules are trapped in a rigid material 

the diffusion is prevented and molecular aggregation minimized.  

Another relevant aspect is that the gases used to perform matrix-isolation experiments (Ar, Xe, 

Ne, N2, etc.) offer the advantage of transparency over a wide range of wavelengths, from the vacuum UV 

to the far-infrared (FIR).  

 

 

1.5.1 Experimental Details 

 

 Because very low temperatures are necessary to solidify the above referred matrix host gases a 

specialized cryogenic equipment has to be used. Nowadays, closed-cycle helium refrigerators are used to 

achieve these conditions.73,74 The experiments are performed in a vacuum chamber at very low pressure 

(≤10-6 mbar) to promote the thermal insulation of the interior of the cryostat from the exterior 

environment. The matrix deposition requires that the compounds of interest have to be volatilizable. 

Compounds with enough vapor pressure can be premixed with the matrix host gas in a vacuum line or 

evaporated from glass tubes. For the case of solids and liquids without enough high vapor pressure, an 

additional equipment is required to heat and perform the vaporization or sublimation (such as mini ovens, 

Knudsen cells, etc.). The vapors enter the vacuum chamber at controlled flow and condensate onto the 

cold window attached to the cold tip of the cryostat, usually a closed cyclic helium refrigerator system. 

The matrix deposition procedure employed in this work is described in detail in the next chapter of this 

thesis.  

 

 

1.5.2 Infrared Spectroscopy in Cryogenic Inert Matrices 

 

Infrared spectroscopy is one of the most useful spectroscopic techniques employed for the 

elucidation of the molecular structure of samples in a wide range of temperatures and different physical 

states. 

According to quantum mechanics, a molecule can take a quantity of energy, h to reach a higher 

energy state. In infrared spectroscopy, this transition generally occurs between the ground state and the 

first vibrational excited state.72;82-84 A molecule which is irradiated with a continuous spectrum of infrared 

radiation can absorb light quanta (photons) that possess this quantized energy. The infrared spectrum 

reveals the incident radiation which is absorbed (or transmitted) at each vibrational frequency of the 
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molecule. However, interaction between infrared radiation and the molecular system is only possible if 

the oscillating frequency of the electric field of the incident radiation is the same as that of the molecular 

dipole moment. Then, a vibration is infrared active only if this interaction leads to the change of molecular 

dipole moment during the vibrational movement: 

 

(
∂µ 

∂Q
)

0

≠ 0                                                                        (𝟏. 𝟓. 𝟏) 

 

In equation (1.5.1), µ is the molecular dipole moment and Q is the normal coordinate which describes the 

motion of the atoms during a vibration.   

As it was mentioned previously, polyatomic molecules possess 3N-6 normal modes of vibration, 

which have to obey to the particular feature above described above to be active in infrared. There are 

two main classes of molecular vibrations. Those which mostly alter the bond lengths, which are 

designated as stretching vibrations, and those that change predominantly the angles, which correspond 

to the bending and torsional vibrations. The vibrations can also be classified as symmetric or anti-

symmetric, taking into account the symmetry of the molecule, and as in-plane or out-of-plane vibrations, 

if the molecule has planar fragments. 

Although the infrared spectra can provide relevant structural information, those obtained using 

conventional techniques most of times do not afford the needed information to perform a detailed 

structural analysis. Indeed, the molecular motion in solution samples and a wide range of different types 

of intermolecular interactions in both solution, liquid phase and solid samples, lead to broadband spectra, 

which may hinder the extraction of the desired structural information. In gas phase IR spectroscopy, on 

the other hand, the rotational bands that accompany the vibrational bands (resulting from the excitation 

of rotational movements) complicate the analysis of the spectra. In turn, by coupling infrared 

spectroscopy and matrix isolation narrowband spectra can be obtained since, as mentioned above, the 

molecular interactions felt by a matrix-isolated species are almost negligible, and consequently, there is 

a decrease of dispersion of vibrational levels (comparatively to other condensed phase conditions). 

Another factor that enhances the spectral resolution under matrix isolation conditions is that the 

vibrational spectra are not complicated by rotational effects, Doppler effects and presence of aggregates. 

73,74 Since this combination is an excellent approach for simulating the gas phase but allowing to get rid of 

the major complications appearing under those experimental conditions, it makes possible the direct 

comparison of the experimental spectra with calculated spectra, in which the chemical species are usually 

considered to be in vacuo. On the whole, the multiple advantages of the combination of infrared 

spectroscopy with the matrix isolation method enable the extraction of detailed structural information 

about the molecular systems of interest.23-39;75-81 
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1.5.3 Matrix Effects 

  

 The physical conditions that are achieved under matrix isolation conditions are still the key for the 

exclusive capabilities of this technique. The inert trapping medium allows the molecular structures 

preservation and makes possible to obtain a detailed information about the molecular structures under 

investigation. However, there are some relevant physical and chemical effects, commonly referred as 

matrix effects that can influence the shape, intensity and frequency of the vibrational bands and that shall 

be considered during the results interpretation.73,74  

It was referred above that matrix isolation IR spectra are not complicated by rotational 

movements. Nevertheless, the matrix environment does not avoid small molecules and small molecular 

fragments, as methyl groups, from rotating, leading to characteristic features in the spectra.  

 Another relevant phenomenon is the site splitting. Owing to the narrowband character of the 

matrix IR spectra, bands splits turn out to be more evident than in liquid or solid conventional IR spectra. 

The molecular species may be trapped by the matrix host in different orientations and in cavities with 

various morphologies. This leads to different matrix-guest interactions and may result in the splitting of 

the bands in multiplets. Other main causes for band splitting in the IR spectra are the molecular 

aggregation and Fermi resonances. Band split due to aggregation is a result of guest-guest interactions 

and can be identified by changing the matrix concentration or by annealing experiments. This makes the 

matrix isolation a powerful method to investigate some intermolecular interactions also (e.g., the study 

of dimers and small aggregates). Fermi resonance results in the appearance of pairs of bands in the 

vibrational spectra and may occur an overtone or combination mode has nearly the same frequency as a 

fundamental vibration of the same symmetry.  

 The cage effects are recognized to influence the paths of the reactions taking place in matrices 

and are relevant for experiments where several molecular species are produced. Excited molecules can 

deactivate through collisional processes or molecular fragments generated by photolysis can recombine 

to form other molecular entities. In a matrix, these last type of processes are cage confined and, as we 

will see, this fact was found to be very important in determining the characteristics of the photoinduced 

reactions described in this thesis.  
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1.5.4 Photochemistry in Cryogenic Inert Matrices 

 

 Matrix Isolation has been greatly succeeded when applied to the study of photochemical 

reactions.76,78 The matrix-isolated species can be irradiated by near-IR, visible and UV light and the 

photoproducts stabilized in the rigid cages of the matrix. Once the processes taking place are monitored 

by IR spectroscopy, it is possible to identify and distinguish the photoproducts and, in many cases, 

elucidate the mechanism pathways of the photoinduced reactions. The most common, UV-induced 

photoprocesses are photoisomerizations and transformations that involve bond breaking/bond forming 

acts, such as photofragmentations and recombination processes. In situ irradiation of suitable matrix 

isolated-precursors with UV light has allowed the detection of high-energy photoproduced chemical 

species that in other conditions might be difficult to detected and characterize, such as high-energy 

conformers, unstable fragmentation products and new isomeric species, including rare tautomers.23-39;78 

 

 

1.6 Raman Spectroscopy 

  

 Over the last decades, Raman spectroscopy has emerged as a powerful and versatile tool for 

chemical analysis and structural characterization, due to its sensitivity to molecular structure and 

molecular environment, its easy operation, and sampling. The use of Raman spectroscopy has now been 

extended to a great number of applications in materials science, biology, medicine and others domains. 

Moreover, the combination with the high spatial resolution of confocal microscopy, yielding molecular 

imaging, enhanced the range of applications of the technique. In this work, the confocal Raman 

microspectroscopy technique was used to investigate the solid state of the compounds presented in the 

first section of this thesis. Since it does not require additional samples preparation, changing the sample 

morphology (e.g. by applying pressure), Raman spectroscopy is a convenient technique to investigate 

desmotropy or polymorphism.  

 Although both infrared and Raman spectroscopy afford information about vibrational normal 

modes, the different vibrational excitation mechanism and different selection rules make them 

complementary techniques.82,83;85-88 

 In the case of Raman spectroscopy, the incident radiation does not need to have the same energy 

of the difference between the two vibrational levels to promote a vibrational excitation, as in the case of 

IR spectroscopy. In this case, the excitation mechanism occurs by inelastic scattering of light quanta with 

higher energy. This phenomenon is known by Raman scattering. The chemical species are irradiated with 

a monochromatic laser beam, which have quantized energy equal to h0 (visible, UV or near IR). Through 
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the inelastic impact of the laser beam with the molecular system, vibrational energy may be exchanged. 

Thus, the energy of light scattered, h𝜈𝑅, corresponds to the difference or sum between the energy of 

incident, h𝜈0, and vibrational energy , h𝜈𝑠, according to the following expression:  

 

h𝜈𝑅 =  h𝜈0 ∓  h𝜈𝑠                                                         (𝟏. 𝟔. 𝟏) 

 

The energy of quanta, h𝜈𝑅, led to the Raman spectra. However, the Raman scattering is not the main 

process occurring, and has in fact a low probability. Another phenomenon, known by elastic scattering 

process, or Rayleigh scattering, has a much higher probability. In this case, the scattered light quanta have 

the same energy, h𝜈0, as the incident radiation. 

 Electrons and nuclei are forced to move in opposite directions when exposed to an electric field. 

Thus, a dipole moment is induced that is proportional to the electric field strength and molecular 

polarizability, α. A molecular vibration only can be observed in Raman spectroscopy if there is a change in 

the polarizability due to the vibration (1.6.2).  

 

(
∂α 

∂Q
)

0

≠ 0                                                           (𝟏. 𝟔. 𝟐) 

 

 

1.7 X-ray Diffraction 

  

X-ray diffraction (XRD) has become the classic method to obtain information about crystalline 

structures. As the typical interatomic distances in a crystal are a few angstroms, the wavelength of the 

probing radiation needs to be of same order of magnitude. Therefore, X-rays are ideal for structural 

investigations. In this work, suitable single crystals were grown and their structure was obtained by XRD.  

 Briefly, the main effect that occurs when an X-ray beam hits a crystal is scattering of the X-ray 

photons by the atoms. Although electrons and nuclei interact with electromagnetic waves, the 

contribution of electrons to that scattering is more effective due to their lighter masses. The structure 

determination requires the measurement of the spatial distribution of the scattered radiation from which 

the electron density can be determined. Since the crystal structure is periodic, the unit cell parameters 

can be determined from the XRD pattern.83,89 

The diffraction patterns characteristic of crystalline samples can be well understood taking into 

account the simplest and intuitive explanation given by William Bragg and Laurence Bragg. The crystal can 

be regarded as a stacking of parallel planes of atoms (h, k, l) equally spaced by a distance, d. When a beam 
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of X-rays strikes the crystallographic planes, it is reflected and interference occurs between the waves 

reflected by the different planes. The condition for diffraction is known as Bragg‘s Law and is traduced in 

the following equation:  

 

𝑛𝜆 = 2𝑑 sin 𝜃                                                                 (𝟏. 𝟕. 𝟏) 

 

 
where 𝜆 is the wavelength, θ is the angle of incidence of the beam, n is the order of reflection, i.e. n =1, 

2, …, correspond to first, second,…, order maxima of the interference pattern. This law results from the 

constructive interference condition that the path length difference between the two incident waves has 

to be a multiple of the wavelength.   

 
 

 
 
Figure 4. Illustration of Bragg reflection. The geometry for interference of a wave scattered from two planes similar 
spaced by a distance d. 89 

 

The scattered amplitude from the unit cell is denoted by Fhkl and is given by the following expression:  

 

𝐹ℎ𝑘𝑙 = ∑ 𝑓𝑗

𝑁

𝑗

𝑒[2𝑖𝜋(ℎ𝑥𝑗+𝑘𝑦𝑗+𝑙𝑧𝑗)]                                                         (𝟏. 𝟕. 𝟐) 

 

where 𝑓𝑗 is the atomic scattering factor for atom j in the unit cell, whose coordinates are respectively 

𝑥𝑗, 𝑦𝑗 , 𝑧𝑗. The intensity of the diffracted beam, 𝐼ℎ𝑘𝑙, is proportional to the square of the scattered 

amplitude from the unit cell (1.7.3).  

 

𝐼ℎ𝑘𝑙 ∝  |𝐹ℎ𝑘𝑙|2                                                                             (𝟏. 𝟕. 𝟑) 
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From the diffraction pattern it is possible to obtain the electronic density at each point of the crystal unit 

cell. The electronic density can be expressed as a Fourier series involving the structure factors:  

 

𝜌ℎ𝑘𝑙 =
1

𝑉
 ∑ 𝐹ℎ𝑘𝑙

ℎ𝑘𝑙

𝑒−2𝜋𝑖(ℎ𝑥+𝑘𝑦+𝑙𝑧)                                  (𝟏. 𝟕. 𝟒) 

 

where the sum is extended to all the measured structure factors and V is the volume of the unit cell.  

 

 

1.8 Polarized Light Thermal Microscopy 

  

 Polarized light thermal microscopy (PLTM) has a wide application in the characterization of solid 

state compounds. In this work, this technique was used to investigate tautomerism in solid state, with the 

aid of other techniques also described here.  

 PLTM allows the direct observation of samples submitted to heating/cooling programs. Therefore, 

it is very useful to determine the morphology of materials and observe the physical transformations that 

occur in the sample during the heating/cooling runs.90,91 The direct observation is possible due to the use 

of polarized light microscopy, which is a contrast-inducing technique that improves the quality of image 

in the presence of anisotropic materials.90 In anisotropic materials, the refractive index change with the 

direction of light propagation along the structure. Alternatively, in isotropic materials, such amorphous 

solids and crystalline solids with a cubic crystal system, the refractive index is the same along all directions 

of light propagation.  PLTM is then a very useful (and powerful) technique for the identification of different 

phases.  

The sample visualization offers an advantage in relation to differential scanning calorimetry (DSC), 

in which some physical transformations cannot be detected due to the low heat transfer involved in the 

process. Nevertheless, the DSC measurements are more accurate, and, in general, PLTM appears as a 

good complementary technique to perform a detailed thermal analysis of the substances.  

 

 

1.9 Differential Scanning Calorimetry   

  

Calorimetry is a very useful technique for measuring the thermal properties of materials, and is 

the only method that allows the direct measurement of the enthalpy of some processes making it possible 

to stablish a relation between temperature and specific properties.  
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Differential scanning calorimetry (DSC) means the measurement of the variation of the difference 

in the heat flow rate to the sample and to the reference as they are submitted to a controlled temperature 

program.92 

To perform the experiments reported in this thesis a power compensation calorimeter, which 

belongs to the class of heat-compensating calorimeters, was used. In this type of equipment, the sample 

and reference are held in two independent holders, which are two small furnaces, each one with a 

temperature sensor and a heat font. The same temperature program is applied to both sample and 

reference (commonly empty) pans and the two are maintained at the same temperature. If an 

endothermic or exothermic transformation (or heat capacity change) occurs in the sample, a temperature 

difference between the small furnaces will arise. In order to maintain the condition of ΔT (difference 

between the temperature of the two pans) equal to zero, a compensating electrical heating power 

proportional to the temperature difference is applied. The obtained output signal is proportional to the 

differential heat flow rate.93,94   
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Chapter II. Materials and Methods  

 

2.1 Samples  

  

 The compounds 2-mercaptoimidazole (crystalline; purity 98%), 2-mercaptobenzimidazole 

(powder; purity 98%), 1-methyl-2-mercaptoimidazole (powder; purity 97%), and 1-methyl-2-

mercaptobenzimidazole (powder; purity 95%) were purchased from Sigma-Aldrich.  

 

2.2 Computational Details  

 

 The density functional theory (DFT) calculations were performed with the Gaussian 0995 software 

package. The B3LYP functional63,64,66,67 together with the 6-311++G(d,p)68 basis set, was used. Equilibrium 

geometries and harmonic frequency calculations were carried out using the same level of theory. Since 

several approximations are employed, the harmonic vibrational frequencies were scaled by a factor of 

0.954, above 2700 cm-1, and by 0.978 below this frequency. The normal modes were analyzed by carrying 

out potential energy distribution (PED) calculations using a modified version of the program BALGA, which 

implements computationally the methodology first described by Schachtschneider and Mortimer.96 The 

internal symmetry coordinates used in this investigation were defined as suggested by Pulay et. al.97 The 

aromaticity indexes were obtained using the program Multiwfn.98 

 

 

2.3 Experimental Details  

 

2.3.1 Matrix Deposition 

 

 To perform the matrix isolation experiments, the compounds were sublimated from a mini glass 

oven placed in the vacuum chamber of the cryostat (see figure 5). The resultant vapors were deposited 
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together with a large excess or argon (N60, supplied by Air Liquide) onto a CsI window cooled (10-15 K) 

by a closed-cycle helium refrigerator whose principal component is an APD Cryogenics DE-201A expander. 

The temperature of the CsI window was measured by a silicon diode temperature sensor connected to a 

digital temperature controller (Scientific Instruments, Model 9650-1). A pumping system whose main 

component is an Alcatel turbomolecular pump is connected to the cryostat in order to maintain the 

required high-vacuum in the system (≤10-6 mbar).  

Since the compounds are hygroscopic and exhibit great trend to aggregate, it was necessary to dry 

them before the experiments and take special care with the deposition conditions, such as argon outflow 

and rate of sublimation (2-mercaptoimidazole appears to be less hygroscopic than the remaining 

compounds and was easier to handle during the experiments). 

 

Figure 5. Matrix Isolation setup of the Laboratory for Molecular Cryospectroscopy and Biospectroscopy (LMCB).  

 

 

2.3.2 Infrared Spectra 

 

 The infrared spectra of matrix isolated species were recorded in the 4000-400 cm-1 range, with 

0.5 cm-1 resolution, using a Thermo Nicolet 6700 Fourier transform infrared (FTIR) spectrometer equipped 

with a deuterated triglycine sulphate (DTGS) detector and a Ge/KBr beam splitter. In order to avoid 

interferences from carbon dioxide and water, the optical path was purged by a stream of dry and filtered 

air. 
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2.3.3 UV Irradiation 

  

 The matrices were irradiated through a quartz window of the cryostat using a tunable narrowband  

UV light provided by an optical parametric oscillator (fwhm 0.2 cm−1), pumped with a pulsed Quanta Ray 

Pro-Series Nd: YAG laser (repetition rate = 10 Hz, pulse energy 10 mJ, duration = 10 ns; see figure 6). 

 

 

 

Figure 6. Pulsed Quanta Ray Pro-Series Nd: YAG laser and MOPO-SL Optical Parametric Oscillator of the LMCB 

laboratory. 

 

 

2.3.4 Raman Spectra  

 

 The Raman spectra of single crystals were collected using a Raman micro-system (Horiba LabRam 

HR Evolution, equipped with a Synapse CCD detector, a high-stability BXFM open space confocal 

microscope, and a 600 gr mm-1 grating; see figure 7) in the 50-4000 cm-1 region. The excitation was 

promoted by a 633 nm Helium-Neon laser, with a power of approximately 17 mW at the sample. In these 

experiments, a 100x objective lens was used, resulting in a laser spot diameter of 0.8 μm.  

 

 

Figure 7. Horiba LabRam HR Evolution equipment of the LMCB laboratory. 
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2.3.5 Single-Crystal X-ray Diffraction 

 

 To perform the single crystal X-ray measurements a Bruker APEX II diffractometer was used, using                                                                                 

graphite monochromated MoK0.71073 Å) excitation. The absorption corrections were performed 

using the software SADABS,99 and the structural refinements were performed using the SHELXL-2014/7 

package.100 

 

2.3.6 Polarized Light Thermal Microscopy  

  

Polarized light thermal microscopy (PLTM) studies were obtained using a DSC 600 hot/cold stage 

from Linkam, which allow heating/cooling runs between −160 and 600 °C at rates from 0.1 to 130 °C/min. 

The optical observation instrumentation was a Leica DMBR microscope and an adapted video camera 

CCD-IRIS/RGB. To undertake image analyses, The Real Time Video Measurement System software from 

Linkam was used. The images were obtained by the use of polarized light and wave compensators, using 

a 200x magnification objective.  

 

2.3.7 Differential Scanning Calorimetry   

  

Differential scanning calorimetry (DSC) measurements were performed using a Pyris 1 power 

compensation calorimeter from Perkin-Elmer, with an intra-cooler cooling unit, working at a -25 oC 

(ethylene glycol-water, 1:1 v/v, cooling mixture), and a 20 mL min-1 nitrogen purge flow. Temperature and 

enthalpy calibrations were carried out using indium (PerkinElmer, Purity (%)= 99.99%, Tfus = 156.60 oC) 

and biphenyl (CRM LGC, Tfus = 68.93 ± 0.03 oC).101 Samples were placed in hermetically sealed aluminum 

pans. The experiments were carried out using a scan rate  = 10 oC min-1 from 25 to 250 oC.  

 

2.3.8 Recrystallization 

  

The samples were recrystallized using different solvents. Solutions with different concentrations (3 –

25 cm3 of solvent and 3 – 25 mg of sample) were prepared and allowed to evaporate at room temperature 

in petri dishes with different sizes. Tetrahydrofuran, ethanol, methanol, dioxane, water and 1,4-

dicloromethane were the solvents used. 
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Chapter III. Structural Characterization of 2-Mercaptoimidazole,  

2-Mercaptobenzimidazole and their 1-Methyl Substituted Derivatives 

 

3.1 Introduction 

 

In the first chapter of this thesis some chemical properties and applications of  

2-mercaptoimidazoles (2-mercaptoimidazole and 1-methyl-2-mercaptoimidazole) and 2-mercapo-

benzimidazoles (2-mercaptobenzimidazole and 1-methyl-2-mercaptobenzimidazole) were mentioned. 

These molecules can exhibit tautomerism, and may be exist as two tautomeric structures. It is well 

established that the tautomerism depends on the physical state, chemical environment, temperature and 

may be of different types.10,15 Structural modifications, as substituents addition, may influence the 

tautomers stability and, then, tautomeric equilibria.  

Although some studies on 2-mercaptoimidazoles and 2-mercaptobenzimidazoles have been 

reported, such as spectroscopic and X-ray diffraction investigations103-106, there is still a lack of structural 

information about this type of nitrogen and sulphur containing heterocyclic molecules. In particular, the 

predominance of one tautomer over the other and the mechanism of tautomerization in different physical 

states or chemical environments still remain open to investigation. For such reasons, the starting point of 

this work consisted in the elucidation of structural properties of the isolated molecules and of mechanistic 

aspects related with the thiol-thione tautomerism.  

The structural characterization of 2-mercaptoimidazoles (2-mercaptoimidazole and 1-methyl-2-

mercaptoimidazole) and 2-mercaptobenzimidazoles (2-mercaptobenzimidazole and 1-methyl-2-

mercaptobenzimidazole) was then undertaken by the combination of theoretical methods with matrix 

isolation infrared spectroscopy. First, the geometries, energies and vibrational spectra of the two 

tautomeric structures of the studied molecular systems were determined at the DFT(B3LYP)/6-

311++G(d,p) level of theory, as referred in the first chapter of this thesis. The DFT/B3LYP method 

conjugated with the 6-311++G(d,p) basis set has been widely used in the LMCB, due to its accuracy in 

predicting structural parameters, thermochemical properties, infrared and Raman spectra.79-81 The results 

obtained using the theoretical methods were then compared with experimental data. The observed 
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similarity of experimental and predicted vibrational spectra indicates that the theoretical approach used 

is appropriate for use in the vibrational analysis of the studied systems. The most relevant structural 

pieces of information obtained from both the calculations and experimental data will be discussed in the 

next sections. 

 

3.2 Molecular Structure  

 

According to the theoretical results for the electronic ground state, the thione tautomer is, for all 

the studied molecules, more stable than the thiol tautomer. The simplest molecule, whose structure 

served as a model for this overall investigation, is 2-mercaptoimidazole (2-MI), which is depicted in figure 

8. The other three studied molecules differ from this one in the substituents, benzo or/and methyl groups, 

and the effect of substitution on the tautomers stability will be discussed in the present and in the next 

chapters.  

 

2-Mercaptoimidazole  

 

According to the calculations, 2-mercaptoimidazole thione tautomer (A in figure 8) is 33.9 kJ mol-1 

more stable than the experimentally relevant form of the thiol tautomer (B). This value corresponds to 

electronic energy with zero-point vibrational correction. As shown below, some structure-energy 

relationships could be proposed from the analysis of the calculated geometrical parameters of the two 

tautomers. 

 

Figure 8. Structures of 2-mercaptoimidazole tautomers (with atom numbering) optimized at the DFT(B3LYP)/6-

311++G(d,p) level of approximation. A) thione tautomeric form. B) thiol tautomeric form (lowest energy thiol 

structure).  

 

The optimized geometrical parameters for thione 2-MI are presented in table 1. This tautomer 

has a planar equilibrium structure, with C2v symmetry. In general, the geometry predicted for the isolated 
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molecule is very similar to that determined experimentally for crystalline 2-MI by X-ray diffraction.102 One 

interesting result concerns the C=S bond length for the isolated molecule (1.672 Å, as shown in the table 

1) and for the constituting monomeric unit of the crystal (1.702 Å).102 These bond lengths are in the range 

of the values reported in the Cambridge Structural Database (CSD) for similar thiones (1.650 to 1.708 Å). 

Such values are typical for exocyclic thiones and demonstrate that the C=S bond in the thione 2-MI 

tautomer has, in fact, a predominantly double bond character. The longer bond length observed in the 

crystal, compared to that estimated for the isolated molecule, is a consequence of the involvement of the 

thione group in intermolecular H-bonding in the solid phase.  

 

Table 1. Calculated structural parameters of C2v 2-mercaptoimidazole thione (A).a 

a See figure 8 for atom numbering.  

 

 

 

Bond Lengths /Å  Angles /o    Dihedral Angles /o 

C1-N8  1.373  N8-C1-N9  103.2  N9-C1-N8-H4  180.0 

C1-N9  1.373  C1-N9-C2  111.7  N9-C1-N8-H7  0.0 

N9-C2  1.390  C1-N8-C7  111.7  S10-C1-N8-H4  0.0 

N8-C7  1.390  N9-C2-C7  106.7  S10-C1-N8-H7  180.0 

C7-C2  1.352  N8-C7-C2  106.7  N8-C1-N9-C2  0.0 

S10-C1  1.672  N9-C1-S10  128.4  N8-C1-N9-C2  180.0 

N9-H5  1.007  N8-C1-S10  128.4  S10-C1-N9-C2  180.0 

N8-H4  1.007  C1-N9-H5  121.5  S10-C1-N9-H5  0.0 

C2-H6  1.076  C2-N9-H5  126.9  H6-C2-C7-H3  0.0 

C7-H3  1.076  C1-N8-H4  121.5  H6-C2-C7-N8  180.0 

  C7-N8-H4  126.5  N9-C2-C7-H3  180.0 

  N9-C2-H6  122.6  N9-C2-C7-N8  0.0 

    C7-C2-H6  130.6  H6-C2-N9-C1  180.0 

    N8-C7-H3  122.6  H6-C2-N9-H5  0.0 

    C2-C7-H3  130.6  C7-C2-N9-C1  0.0 

        C7-C2-N9-H5  180.0 

        C2-C7-N8-C1  0.0 

        C2-C7-N8-H4  180.0 

        H3-C7-N8-C1  180.0 

        H3-C7-N8-H4  0.0 
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Another important feature deserving here a comment is the predicted value for the ∡N-H…S 

angles. The DFT(B3LYP)/6-311++G(d,p) value is around 67.2o, which is considerably smaller than the ideal 

value for a typical proton donor/acceptor interaction (180o) and substantially smaller than the smaller 

value accepted for the ∡ D–H…A (D, donor; A, acceptor) angle compatible with the existence of a H-bond 

interaction.106 This indicates that, in the studied molecule, no intramolecular N-H…S hydrogen bonds exist. 

Such result is in agreement with the electron density study reported by Minas da Piedade et al.,102 using 

the Atoms in Molecules theory (AIM),107 which failed to locate a bond critical point within the NH 

fragments and the S atom. In the case of the thiol tautomer of 2-MI, three minimum energy structures 

result from the internal rotation around the C-S bond, as shown in the potential energy profile presented 

in figure 9. The most stable conformation (I) predicted by the calculations is planar, belonging to the Cs 

symmetry point group (see Table 2 for geometric parameters). The other two energy minima belong to 

the C1 point group and are symmetry equivalent structures (II, II’), with N6-C2-S1-H8 dihedral angles equal 

to 61o and -61o, respectively (the structural parameters for these forms are given in Appendix). However, 

the energy barrier separating structures II (or II’) from the lowest energy minimum I is only 0.09 kJ mol-1, 

i.e., it stays below the zero-point vibrational energy level of the torsional coordinate at the geometry of 

the higher-energy minima. For this reason, structures II/II’ are not relevant in practical terms, being better 

described as vibrational excited states of the most stable conformer. The maximum energy structure 

along the torsional path exhibits also a planar structure, with an N6-C2-S1-H8 dihedral angle of 180o, as 

seen in figure 9.  

 

 

Figure 9. DFT(B3LYP)/6-311++G(d,p) potential energy profile for internal rotation about the C-S bond in the thiol 

tautomer of 2-MI. In the performed potential energy scan, the N6-C2-S1-H8 dihedral angle was incremented in 10o 

steps and all the remaining geometrical parameters optimized. The lowest energy form of thiol tautomer 

corresponds to the structure with the N6-C2-S1-H8 dihedral angle equal to 0o; in the two symmetry-equivalent 

higher energy minima this angle is ±61o. 
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In a similar way to what was found for the thione tautomer, also in the thiol form the structural data 

indicate that no intramolecular H-bonds exist. In this case, the ∡ S1-H8…N6 angle is 84.4o, i.e., also far 

from matching the criteria for existence of a hydrogen bond (see above). The enhanced stability of the Cs 

structure (form I) in the thiol tautomer (compared to the non-planar geometries, and also in relation to 

the highest energy transition state structure with H8-S1-C2-N6 dihedral angle equal to 180o) can be 

explained mostly in terms of through-space bond-dipole / bond-dipole interactions, as follows: in form I, 

the bond-dipoles associated with the two relevant opposing pairs of bonds, (S1–H8 and N6=C2) and (S1–

C2 and N3–H7) are aligned nearly anti-parallelely (see figure 10), thus stabilizing the structure, while in 

the high-energy planar transition state these interactions are replaced by the strongly repulsive S1–H8 / 

N3–H7 interactions (both associated with the parallel alignment of the associated bond-dipoles, and steric 

and charge repulsions between the H8 and H7 atoms). The non-planar structures are, naturally, 

intermediate regarding the relevant intramolecular interactions just discussed, justifying their relative 

energies.  

 

Table 2. Calculated structural parameters of the more stable form (Cs) 2-MI thiol tautomer (B).a 

 a See figure 8 for atom numbering.   

Bond Lengths /Å  Angles /o  Dihedral Angles /o 

C2-N6  1.311  C2-S1-H8  93.1  H8-S1-C2-N3  180.0 

C2-N3  1.367  N3-C2-S1  121.5  H8-S1-C2-N6  0.0 

N6-C5  1.382  N6-C2-S1  126.6  S1-C2-N3-C4  180.0 

N3-C4  1.387  N3-C2-N6  111.9  S1-C2-N3-H7  0.0 

C4-C5  1.366  C2-N3-C4  106.9  N6-C2-N3-C4  0.0 

S1-H8  1.347  C2-N3-H7  126.7  N6-C2-N3-H7  180.0 

C2-S1  1.770  C4-N3-H7  126.3  S1-C2-N6-C5  180.0 

N3-H7  1.008  N3-C4-C5  105.1  S1-C2-N6-C5  0.0 

C5-H9  1.078  N3-C4-H10  132.8  C2-N3-C4-C5  0.0 

C4-H10  1.077  C3-C4-H10  122.1  C2-N3-C4-H10  180.0 

  C5-C4-H10  132.8  H7-N3-C4-C5  180.0 

  C4-C5-N6  110.7  H7-N3-C4H10  0.0 

    C4-C5-H9  128.1  N3-C4-C5-N6  0.0 

    N6-C5-H9  121.1  N3-C4-C5-H9  180.0 

    C2-N6-C5  105.4  H10-C4-C5-N6  180.0 

        H10-C4-C5-H9  0.0 

        C4-C5-N6-C2  0.0 

        H9-C5-N6-C2  180.0 
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Figure 10. DFT(B3LYP)/6-311++G(d,p) Mülliken atomic charges (A) and difference between the charges of the atoms 

making a bond (B) of thione (1) and thiol (2) fragments of 2-MI tautomers. Charges in units of electron: 1e = 

1.60217646 x 10-19 C. 

 

Intramolecular interactions of bond-dipole / bond-dipole type are also the major effects determining the 

relative energies of the two tautomers of 2-MI. In figure 10, the dominant bond-dipole / bond-dipole 

interactions in the two tautomeric forms can be compared. It is easy to conclude that the stabilizing 

interactions involving anti-parallelely aligned bond-dipoles in the thione form are by far stronger than 

those observed for the thiol form, what results mainly from the large negative charges of the thione 

sulphur atom and large positive charges of the two H atoms connected to the nitrogens. 

Another factor that shall be considered to explain the relative energy of the two tautomers is the 

degree of π-electron delocalization, as measured by the well-known aromaticity indexes, Harmonic 

Oscillator Model of Aromaticity (HOMA) index, defined by Kruszwewski and Krygowsky,108 and BIRD 

index,109 which have been widely used in structural determinations.  

The HOMA index is based on molecular geometry. It is defined as: 

 

HOMA = 1 −  ∑
𝛼𝑖,𝑗

𝑁
𝑖

(RRef − R𝑖,𝑗)
2

                                     (𝟑. 𝟐. 𝟏) 

 

where N is the total number of the atoms considered, j denotes the atom next to atom i,  and RRef are 

pre-calculated constants given in the original paper for each type of atom pair, and Ri,j denotes the actual 

bond length between atoms i and j. If HOMA equals to 1, that means that the length of each bond is 

identical to the corresponding optimal value RRef and thus the ring is fully aromatic, while if HOMA equals 

to 0, that means the ring is completely nonaromatic. If HOMA is a significantly negative value, then the 

ring shows anti-aromaticity characteristics. 

In the case of the BIRD index (I), the aromaticity is related not to bond lengths, but to bond orders, 

and the closer this index is to 100, the more aromatic is the system. It is defined as 
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𝐼 = 100 [1 − (
𝑉

𝑉𝑘
)]                                                                 (3.2.2) 

 

with 

𝑉 =
100

�̅�
 √

∑ (𝑁𝑖,𝑗 − �̅�)
2

𝑖

𝑛
                                                    (𝟑. 𝟐. 𝟑) 

 

and 

𝑁𝑖,𝑗 =  
𝑎

𝑅𝑖,𝑗
− 𝑏                                                                (𝟑. 𝟐. 𝟒) 

 

where n is the total number of the bonds considered. N denotes Gordy bond order,109 �̅� is the average 

value of the N values, and a and b are predefined parameters for each type of bond. VK is a pre-determined 

reference value of V, that for five and six-membered rings assumes the values 35 and 33.2, respectively. 

The two indexes were calculated for all the studied molecular structures with the program 

Multiwfn,98 based on the calculated DFT(B3LYP)/6-311++G(d,p) geometries. The results obtained for the 

2-MI tautomers are presented in table 3. The results allow to conclude that both tautomers are stabilized 

by mesomerism, but the two indexes point to a larger stabilization by this effect of the thiol tautomer. 

 

Table 3. HOMA and BIRD indexes for thiol and thione 2-MI tautomers 

determined at DFT(B3LYP)/6-311++G(d,p) level of theory. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  2-MI thiol  2-MI thione  

HOMA      

Imidazole ring  0.85  0.76  

BI      

Imidazole ring  59.6  53.5  
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2-Mercaptobenzimidazole  

 

2-Mercaptobenzimidazole (2-MBI) is analogous to the compound previously discussed, but 

possesses a benzene ring fused to the 2-mercaptoimidazole heterocycle through the C=C bond. The 

equilibrium structures of the two tautomeric forms of 2-MBI are presented in the figure 11. The 

calculations predicted an energy difference of 44.6 kJ mol-1 between the most stable thione tautomer (C) 

and the thiol tautomer (D). This energy difference is higher by 10 kJ mol-1 than that found (33.9 kJ mol-1) 

for the unsubstituted 2-mercaptobenzimidazole (2-MI; see previous section). The optimized geometrical 

parameters for the heterocyclic ring of the two tautomers of 2-MBI are presented in tables 4 and 5. 

According to the calculations, the thione tautomeric structure belongs to C2v symmetry point group, and 

has all the atoms in the same plane.  

 

Figure 11. Structures of 2-mercaptobenzimidazole tautomers optimized at the DFT(B3LYP)/6-311++G(d,p) level of 

approximation. C) thione tautomeric form. D) thiol tautomeric form (less energetic conformation). 

 

The same finding was obtained by X-ray diffraction for crystalline 2-MBI,103 where the thione tautomer 

was found to be the sole tautomeric form present. Like for 2-MI, the estimated C=S bond length for the 

isolated molecule is somewhat shorter than that found in the crystal structure (1.664 vs. 1.671 Å, 

respectively), in view of the participation of the thione fragment as proton acceptor in the intermolecular 

H-bonding in the solid phase. Also, the calculated value for this bond length in 2-MBI is slightly smaller 

than that estimated for 2-MI (1.672 Å; see previous section), indicating that the C=S bond in 2-MBI has a 

larger double bond character than in the unsubstituted compound.  
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Figure 12. DFT(B3LYP)/6-311++G(d,p) potential energy profile for internal rotation about the C-S bond in the thiol 

tautomer of 2-MBI. In the performed potential energy scan, the N11-C13-S15-H16 dihedral angle was incremented 

in 10o steps and all the remaining geometrical parameters optimized. In the lowest energy form of thiol tautomer, 

the N11-C13-S15-H16 dihedral angle is equal to 0o; the structures II/II’ are better considered as vibrational excited 

states of the most stable conformer, since the energy barrier that separates II/II’ from I is only 0.25 kJ mol-1 (i.e., 

below the zero-point level of II/II’). In the two symmetry-equivalent higher energy minima the N11-C13-S15-H16 

dihedral angle is ±139.4o. 

 

 

Table 4. Calculated structural parameters of the heterocyclic ring of 2-MBI thione (C).a 

a See figure 11 for atom numbering. 

 

 

Bond Lengths / Å  Angles /o  Dihedral Angles /o 

C2-C3  1.407  C3-C2-N12  106.1  N12-C2-C3-N11  0.0 

N11-C13  1.377  C3-N11-H16  127.1  C3-C2-N12-C13  0.0 

N11-H16  1.007  C13-N11-H16  121.2  C3-C2-N12-H14  180.0 

N12-C13  1.377  C2-N12-C13  111.6  C2-C3-N11-C13  0.0 

C12-H14  1.007  C2-N12-H14  127.1  C2-C3-N11-H16  180.0 

C13-S15  1.664  C13-N12-H14  121.2  C3-N11-C13-N12  0.0 

N11-C3  1.390  N11-C13-N12  104.5  C3-N11-C13-S15  180.0 

N12-C3  1.390  N11-C13-S15  127.7  H16-N11-C13-N12  180.0 

    C2-C3-N11  106.1  H16-N11-C13-S15  0.0 

    C3-N11-C13  111.6  C2-N12-C13-N11  0.0 

    N12-C13-S15  127.7  C2-N12-C13-S15  180.0 

        H14-N12-C13-N11  180.0 

        H14-N12-C13-S15  0.0 
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Table 5. Calculated structural parameters of the heterocyclic ring of 2-MBI thiol (D).a 

a See figure 11 for atom numbering. 

 

In the case of the thiol tautomer, the results obtained for 2-MBI essentially mimic those of 2-MI. 

In particular, they predict the planar (Cs) conformation with the N12-C13-S15-H16 dihedral equal to 0o as 

the experimentally relevant structure, while accounting also for two equivalent-by-symmetry minima 

separated from the planar form by an energy barrier that stays below the zero-point level associated with 

the torsion about the C–S bond at the geometries of the higher-energy minima (see Figure 12). 

The reasons determining the lower energy of the thiol tautomer of 2-MBI (in relation to other 

possible conformations differing by internal rotation around the C–S bond) are identical to those found 

for 2-MI and were discussed in details in the previous section. More interesting is to present here an 

explanation for the different relative energies of the thiol vs. thione tautomers in 2-MBI and 2-MI. As 

mentioned before, the energy difference increases by about 1.3 times in the benzosubstituted molecule 

(44.7 vs. 33.9 kJ mol-1). Comparison of the charges on atoms defining the relevant bond-dipole interactions 

in the two tautomers for the two molecules (figure 13) cannot account for this difference, implying that 

the relative stabilization of the thione tautomer compared to the thiol form in 2-MBI shall relate 

predominantly with the relative importance of ring mesomerism. Indeed, while in 2-MI both the HOMA 

and BIRD aromaticity indexes yield the thiol form more aromatic than the thione (see table 3), in 2-MBI 

the trend is the opposite one when the BIRD index is considered (table 6). In turn, the HOMA index predict 

nearly equal aromaticity for the two tautomers (table 6), but, in any case, compared with the situation in 

2-MI, the thione form is predicted relatively more aromatic than the thiol tautomer. It is appropriate to 

stress here that one does not intend to extract strictly quantitative conclusions but only present some 

Bond Lengths / Å  Angles /o  Dihedral Angles /o 

C2-C3  1.413  C3-C2-N12  104.5  N12-C2-C3-N11  0.0 

C2-N12  1.389  C2-C3-N11  110.3  C3-C2-N12-C13  0.0 

C3-N11  1.391  C3-N11-C13  104.9  C3-C2-N12-H14  180.0 

N11-C13  1.304  C2-N12-C13  106.6  C2-C3-N11-C13  0.0 

N12-C13  1.378  C2-N12-H14  126.9  C3-N11-C13-N12  0.0 

N12-H14  1.007  C13-N12-H14  126.5  C3-N11-C13-S15  180.0 

C13-S15  1.766  N11-C13-N12  113.6  C2-N12-C13-N11  0.0 

S15-H16  1.347  N11-C13-S15  126.1  C2-N12-C13-S15  180.0 

    N12-C13-S15  120.2  H14-N12-C13-N11  180.0 

    C13-S15-H16  93.2  H14-N12-C13-S15  0.0 

        N11-C13-S15-H16  0.0 

        N12-C13-S15-H16  180.0 

        N12-C2-C3-N11  0.0 
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simple data that qualitatively may help to understand the factors determining the energetics of the 

different forms in the various studied molecules. As shown below, this qualitative description can also 

account properly for the results obtained for the investigated methyl-substituted 2-mercaptoimidazoles. 

 

 

 

Figure 13. DFT(B3LYP)/6-311++G(d,p) Mülliken atomic charges (A) and difference between the charges of the atoms 

making a bond (B) of thione (3) and thiol (4) fragments of 2-MBI tautomers. Charges in units of electron: 1e = 

1.60217646 x 10-19 C. 

 

Table 6. HOMA and BIRD indexes for thiol and thione 2-MBI 

tautomers determined at DFT (B3LYP)/6-311++G(d,p) level of 

theory. 

  2-MBI thiol  2-MBI thione  

HOMA      

Phenyl ring  0.96  0.97  

Imidazole ring  0.80  0.80  

BI      

Phenyl ring  93.2  94.7  

Imidazole ring  64.2  72.7  

 

 

 

1-Methyl-2-Mercaptoimidazole  

 

 The substitution of the hydrogen directly linked to a nitrogen by a methyl group in 2-

mercaptoimidazole results in an asymmetrically-substituted compound. As in the case of the other 

studied molecules, 1-methyl-2-mercaptoimidazole (1-M-2MI; commonly known as methimazole) may 

exist in two tautomeric forms, shown in figure 14. The optimized thione (E) and thiol (F) structures of 1-

M-2MI differ in energy by 38.7 kJ mol-1, the thione form being the most stable tautomer, as for the 
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previous molecules.  Compared to 2-MI, the hydrogen substitution by the methyl group in 1-M-2MI leads 

to an increase of only 4.9 kJ mol-1 in the relative energy of the two tautomers. The optimized geometrical 

parameters of the thione and thiol 1-M-2-MI are shown in tables 8 and 9, respectively. The thione 

tautomer belongs to Cs symmetry point group. Also as both in 2-MI and 2-MBI molecules, only the thione 

tautomer structure of 1-M-2-MI was determined by X-ray diffraction, since this is the sole species present 

in the crystal of the compound.104  

 

 

Figure 14. DFT(B3LYP)/6-311++G(d,p) optimized structures of 1-methyl-2-mercaptobenzimidazole tautomers. E) 

thione tautomeric form. F) thiol tautomeric form. 

 

While in the case of the thione tautomer the structural results obtained for 1-M-2-MI are essentially 

similar to those obtained for 2-MI and 2-MBI (in particular the fact that the stable structure belongs to 

the Cs point group), the results obtained for the thiol tautomer are slightly different. According to the 

calculations, the 1-M-2-MI minimum energy structure belongs to C1 symmetry point group, while for 2-MI 

and 2-MBI the thiol tautomer is planer (Cs). As it is possible to see in the potential energy profile presented 

in figure 15 and also in the optimized geometrical parameters provided in table 9, 1-M-2-MI has two 

equivalent-by-symmetry minima (I and I’), whose N6-C2-S1-H7 dihedral angles are equal to 5.6 o and –5.6o 

(instead of 0o, as predicted for the other molecules). This subtle deviation, may be due to a non-correct 

prediction by the method used. In any case, even in the case the deviation from the planarity corresponds 

to a true structural feature, since the energy barrier separating the two equivalent non-planar structures 

is very small, staying below the zero-point vibrational level of these species, the practically relevant 

structure (most probable geometry) is the Cs symmetry form (see figure 15). 

The explanation for the enhanced stability of the minimum energy structure of the thiol tautomer 

in relation to the high-energy transition state with N6-C2-S1-H7 dihedral angle equal to 180o is identical 

to that presented before for 2-MI and 2-MBI. However, as in 1-M-2-MI the substituent is a methyl group 

(instead of a hydrogen atom), the energy of the structure of this high-energy transition state is higher 

than that found for the analogue structures in 2-MI and 2-MBI, because of the increased steric repulsions 
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between the hydrogens of the methyl group and the sulfhydryl hydrogen. A similar explanation applies to 

justify the above mentioned increase of the relative energy of the two tautomers in the methyl-

substituted compound compared to the unsubstituted molecule. 

 

 

 

Figure 15. DFT(B3LYP)/6-311++G(d, p) potential energy profile for internal rotation about the C-S bond in the thiol 

tautomer of 1-M-2MI. In the performed potential energy scan, the N6-C2-S1-H7 dihedral angle was incremented in 

10o steps and all the remaining geometrical parameters were optimized. 

 

 

The orientation of the methyl group in the thione and thiol optimized structures is another 

relevant structural feature to take into account. Indeed, the orientation of this group with the in-plane 

hydrogen atom pointing the opposite direction of the sulphur containing substituent, as shown in figure 

16 (see also tables 8 and 9), minimizes the repulsive interactions between these two fragments (either 

steric – in both tautomers –, or electrostatic – in the thiol form).  

It shall also be pointed out that for 1-M-2MI the bond dipole / bond-dipole type intramolecular 

interactions also play the most important role in determining the relative energies of the two tautomers, 

while, as for 2-MI, the 1-M-2MI thiol tautomer is predicted to be somewhat more aromatic by both HOMA 

and BIRD indexes than the thione tautomer. In fact, the methyl group seems to practically not influence 

the aromaticity of the ring (compare data in tables 7 and 3). These results are also consistent with a 

relatively similar energy difference between the two tautomers predicted for 2MI and 1-M-2-MI (as 

already mentioned, 33.9 kJ mol-1 and 38.7 kJ mol-1, respectively).  
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Figure 16. DFT(B3LYP)/6-311++G(d,p) Mülliken atomic charges (A) and difference between the charges of the atoms 

making a bond (B) of thione (5) and thiol (6) fragments of 1-M-2MI tautomers. Charges in units of electron: 1e = 

1.60217646 x 10-19 C.  

 

Table 7. HOMA and BIRD indexes for thiol and thione 1-M-2-MI 

tautomers determined at DFT(B3LYP)/6-311++G(d,p) level of 

theory. 

 

 

 

 

 

 

  1-M-2-MI thiol  1-M-2MI thione  

HOMA      

Imidazole ring  0.86  0.77  

BI      

Imidazole ring  60.5  53.9  
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Table 8. Calculated structural parameters for 1-methyl-2-mercaptoimidazole thione (E).a 

a See figure 14 for atom numbering. 

 

 

Bond Lengths / Å  Angles /o  Dihedral Angles / o 

C1-N7  1.375  N7-C1-N8  104.1  N8-C1-N7-C6  0.0 

C1-N8  1.373  N7-C1-S9  128.2  N8-C1-N7-C10  180.0 

C1-S9  1.676  N8-C1-S9  127.8  S9-C1-N7-C6  180.0 

C2-H5  1.076  H5-C2-C6  130.7  S9-C1-N7-C10  0.0 

C2-C6  1.353  H5-C2-N8  122.8  N7-C1-N8-C2  0.0 

C2-N8  1.386  C6-C2-N8  106.5  N7-C1-N8-H4  180.0 

H3-C6  1.076  C2-C6-H3  130.4  S9-C1-N8-C2  180.0 

H4-C8  1.007  C2-C6-N7  107.6  S9-C1-N8-H4  0.0 

C6-N7  1.391  H3-C6-N7  122.0  H5-C2-C6-H3  0.0 

N7-C10  1.454  C1-N7-C6  110.4  H5-C2-C6-N7  180.0 

C10-H11  1.091  C1-N7-C10  123.3  N8-C2-C6-H3  180.0 

C10-H12  1.091  C6-N7-C10  126.2  N8-C2-C6-N7  0.0 

C10-H13  1.090  C1-N8-C2  111.5  H5-C2-N8-C1  180.0 

    C1-N8-H4  121.4  H5-C2-N8-H4  0.0 

    C2-N8-H4  127.1  C6-C2-N8-C1  0.0 

    N7-C10-H11  110.1  C6-C2-N8-H4  180.0 

    N7-C10-H12  110.1  C2-C6-N7-C1  0.0 

    N7-C10-H13  108.6  C2-C6-N7-C10  180.0 

    H11-C10-H12  108.3  H3-C6-N7-C1  180.0 

    H11-C10-H13  109.8  H3-C6-N7-C10  0.0 

    H12-C10-H13  109.8  C1-N7-C10-H11  -59.7 

        C1-N7-C10-H12  59.7 

        C1-N7-C10-H13  180.0 

        C6-N7-C10-H11  120.3 

        C6-N7-C10-H12  -120.3 

        C6-N7-C10-H13  0.0 
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Table 9. Calculated structural parameters for 1-methyl-2-mercaptoimidazole thiol (F).a 

a See figure 14 for atom numbering. 

 

 

 

 

 

 

 

 

 

Bond Lengths / Å  Angles / o  Dihedral Angles / o 

S1-C2  1.772  C2-S1-H7  92.8  H7-S1-C2-N3  174.6 

S1-H7  1.347  S1-C2-N3  121.5  H7-S1-C2-N6  -5.6 

C2-N3  1.368  S1-C2-N6  126.0  S1-C2-N3-C4  179.4 

C2-N6  1.313  N3-C2-N6  112.6  S1-C2-N3-C10  1.8 

N3-C4  1.388  C2-N3-C4  106.0  N6-C2-N3-C4  -0.4 

N3-C10  1.455  C2-C3-C10  127.3  N6-C2-N3-C10  -178.1 

C4-C5  1.367  C4-N3-C10  126.7  S1-C2-N6-C5  -179.7 

C4-H9  1.077  N3-C4-C5  105.8  N3-C2-N6-C5  0.2 

C5-N6  1.378  N3-C4-H9  121.6  C2-N3-C4-C5  0.5 

C5-H8  1.079  C5-C4-H9  132.6  C2-N3-C4-H9  -179.8 

    C4-C5-N6  110.6  C10-N3-C4-C5  178.2 

    C4-C5-H8  128.1  C10-N3-C4-H9  -2.1 

    N6-C5-H8  121.2  C2-N3-C10-H11  -164.3 

    C2-N6-C5  105.1  C2-N3-C10-H12  -45.5 

    N3-C10-H11  108.9  C2-N3-C1-H13  75.6 

    N3-C10-H12  110.1  C4-N3-C10-H11  18.5 

    N3-C10-H13  111.2  C4-N3-C10-H12  137.3 

    H11-C10-H12  108.5  C4-N3-C10-H13  -101.7 

    H11-C10-H13  109.0  N3-C4-C5-N6  -0.4 

    H12-C10-H13  109.1  N3-C4-C5-H8  179.4 

        H9-C4-C5-N6  179.9 

        H9-C4-C5-H8  -0.3 

        C4-C5-N6-C2  0.1 

        H8-C5-N6-C2  -179.7 
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1-Methyl-2-Mercaptobenzimidazole  

 
The structures of 1-methyl-2-mercaptobenzimidazole (1-M-2-MBI) tautomers are presented in 

figure 17.  For this molecule, the calculations predicted an energy difference of 49.8 kJ mol-1 between the 

thione (G) and the thiol (H) tautomer. When compared with the value obtained for 2-MBI (44.6 kJ mol-1) 

this value increases by 5.2 kJ mol-1, i.e., the introduction of the methyl group in the benzosubstituted 2-

mercaptoimidazole leads to an increase of the energy difference between the two tautomers similar to 

that resulting from the methyl substitution in 2-MI. This result demonstrates that the methyl substitution 

does not affect strongly the properties of the ring-system, as already pointed out above. 

On the whole, the energy difference between thiol and thione forms in 1-M-2-MBI is the highest 

among all the studied molecules.  

The optimized geometry parameters for the two tautomers of 1-M-2-MBI are presented in tables 

10 and 11. According to the performed calculations, the thione structure belongs to Cs symmetry point 

group. The molecule was also found to adopt the same configuration in the crystalline state of the 

compound, as determined by X-ray diffraction.105 As for the other studied molecules, the thione tautomer 

is the single form existing in the crystal. Furthermore, also as in the other molecules, the C=S bond length 

now calculated for the isolated thione molecule is shorter than that observed in the crystalline state 

(1.684 Å),105 due to the involvement of the sulphur atom as proton acceptor in intermolecular H-bonding 

interactions in the solid state.  

 
 

Figure 17. DFT(B3LYP)/6-311++G(d,p) optimized structures of 1-methyl-2-mercaptobenzimidazole tautomers. G) 

thione tautomeric form. H) thiol tautomeric form (less energetic conformation). 

 

The thiol tautomer exhibits structural features similar to those found for 1-M-2-MI, in particular 

in what concerns the fact that the minimum energy structures correspond to a symmetry-related pairs of 

C1 symmetry forms separated from each other by a very low energy barrier (see figure 18). The minimum 
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structures possess N11-C13-S14-H15 dihedral angles of 3.8/-3.8o and 129.4/-129.4 o as it possible to see 

in figure 18.  

A common structural feature to both tautomers of 1-M-2-MBI is the orientation of the methyl 

group, which differs from that observed for 1-M-2-MI. As stressed above, in this later molecule, the methyl 

group is oriented in such a way that the hydrogen atom placed in the molecular plane points away from 

the sulphur substituent, in order to minimize the methyl/S steric repulsions. On the other hand, in 1-M-

2-MBI, the methyl hydrogen atom placed in the molecular plane points towards the sulphur substituent 

(compare figures 17 and 14), because in this molecule the presence of the benzosubstituent introduces 

stronger steric repulsions (in particular between H7 and the in-plane methyl hydrogen) when the methyl 

orientation is similar to that found in 1-M-2-MI. 

Globally, the structural and energetic results obtained for 1-M-2-MBI follow the trends found for 

the other molecules and show the effects of the simultaneous presence in the molecule of the benzo and 

methyl substituents (see also the calculated charges, bond dipoles and aromaticity indexes calculated for 

this molecule shown in figure 19 and table 12), discussed in details above when describing the properties 

of the 2-MBI and 1-M-2-MI molecules, respectively. What shall be pointed out here is that the effects of 

the substituents are essentially additive and do not appear to show synergetic effects. 

 

 
 

 

 

Figure 18. DFT(B3LYP)/6-311++G(d,p) potential energy profile for internal rotation about the C-S bond in the thiol 

tautomer of 1-M-2MBI. In the performed potential energy scan, the N11-C13-S14-H15 dihedral angle was 

incremented in 10 o steps and all the remaining geometrical parameters optimized. The structures II/II’ are better 

considered as vibrational excited states of the most stable conformer is below the zero-point level of II/II’. In the 

two symmetry-equivalent higher energy minima the N11-C13-S14-H15 dihedral angle is ±129.4o. 
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Table 10. Calculated structural parameters of the heterocyclic ring of 1-M-2-MBI thione (G).a 

a See figure 17 for atom numbering. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Bond Lengths / Å  Angles /o  Dihedral Angles / o 

C2-C3  1.406  C3-C2-N12  107.1  N12-C2-C3-N11  0.0 

C2-N12  1.392  C2-C3-N11  105.8  C3-C2-N12-C13  0.0 

C3-N11  1.386  C3-N11-C13  111.6  C3-C2-N12-C16  180.0 

N11-C13  1.377  C3-N11-H15  127.3  C2-C3-N11-C13  0.0 

N11-H15  1.007  C13-N11-H15  121.1  C2-C3-N11-H15  180.0 

N12-C13  1.382  C2-N12-C13  110.3  C3-N11-C13--N12  0.0 

N12-C16  1.451  C2-N12-C16  125.0  C3-N11-C13-S14  180.0 

C13-S14  1.668  C13-N12-C16  124.7  H15-N11-C13-N12  -180.0 

C16-H17  1.093  N11-C13-N12  105.2  H15-N11-C13-S14  0.0 

C16-H18  1.093  N11-C13-S14  126.2  C2-N12-C13-N11  0.0 

C16-H19  1.089  N12-C13-S14  128.6  C2-N12-C13-S14  180.0 

    N12-C16-H17  110.3  C16-N12-C13-N11  180.0 

    N12-C16-H18  110.3  C16-N12-C13-S14  0.0 

    N12-C16-H19  107.8  C2-N12-C16-H17  -60.5 

    H17-C16-H18  109.5  C2-N12-C16-H18  60.5 

    H17-C16-H19  109.5  C2-N12-C16-H19  180.0 

    H18-C16-H19  109.5  C13-N12-C16-H17  119.5 

        C13-N12-C16-H18  -119.5 

        C13-N12-C16-H19  0.0 
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Table 11. Calculated structural parameters of the heterocyclic ring of 1-M-2-MBI thiol (H).a 

a See figure 17 for atom numbering. 

 

 

Figure 19. DFT(B3LYP)/6-311++G(d,p) Mülliken atomic charges (A) and difference between the charges of the atoms 

making a bond (B) of thione (7) and thiol (8) fragments of 1-M-2MBI tautomers. Charges in units of electron: 1e = 

1.60217646 x 10-19 C.  

 

 

 

  Bond Lengths / Å  Angles /o  Dihedral Angles /o 

C2-C3  1.412  C3-C2-N12  105.3  N12-C2-C3-N11  -0.5 

C2-N12  1.390  C2-C3-N11  110.1  C3-C2-N12-C13  0.7 

C3-N11  1.388  C3-N11-C13  104.7  C3-C2-N12-C16  178.5 

N11-C13  1.307  C2-N12-C13  105.6  C2-C3-N11-C13  0.1 

N12-C13  1.380  C2-N12-H16  126.0  C3-N11-C13-N12  0.3 

N12-C16  1.452  C13-N12-H16  128.3  C3-N11-C13-S14  -179.7 

C13-S14  1.770  N11-C13-N12  114.2  C2-N12-C13-N11  -0.6 

S14-H15  1.347  N11-C13-S14  124.9  C2-N12-C13-S14  179.3 

C16-H17  1.092  N12-C13-S14  120.8  C16-N12-C13-N11  -178.4 

C16-H18  1.090  C13-S14-H15  92.6  C16-N12-C13-S14  1.6 

C16-H19  1.094  N12-C16-H17  109.7  C2-N12-C16-H17  46.7 

    N12-C16-H18  109.7  C2-N12-C16-H18  165.4 

    N12-C16-H19  111.2  C2-N12-C16-H19  -74.1 

    H17-C16-H18  108.1  C13-N12-C16-H17  -135.9 

    H17-C16-H19  109.1  C13-N12-C16-H18  -17.3 

    H18-C16-H19  108.9  C13-N12-C16-H19  103.2 

        N11-C13-S14-H15  -3.8 

        N12-C13-S14-H15  176.2 
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Table 12. HOMA and BIRD indexes for thiol and thione 1-M-2-MBI 

tautomers determined at the DFT (B3LYP)/6-311++G(d,p) level of 

theory. 

  1-M-2-MBI thiol  1-M-2-MBI thione 

HOMA      

Phenyl ring  0.96  0.97  

Imidazole ring  0.80  0.79  

BI      

Phenyl ring  93.5  95.0  

Imidazole ring  64.9  72.1  

 

 

 

3.3 Matrix Isolation Infrared Spectroscopy  

 

  The molecules under study were investigated by matrix isolation infrared spectroscopy. The 

obtained results were analyzed and interpreted with the aid of harmonic frequencies calculated by the 

FG method with data extracted from the DFT(B3LYP)/6-311++G(d,p) results. Since the compounds are 

very hygroscopic, they had to be dried first for some hours in vacuo (at ~10-6 mbar). After this process, 

the compounds, placed in a mini-glass oven attached to the vacuum chamber, were sublimated (~380-

390 K) and the vapors were then condensed onto an optical cold (10-15 K) CsI window, simultaneously 

with a large excess of argon (~1:1000 solute to matrix ratio). All but the simplest compound, 2-

mercaptoimidazole, exhibit also a great trend to aggregate. It was then necessary to take special care in 

defining the deposition conditions, such as the rates of argon outflow and of sublimation. This task proved 

to be rather difficult, requiring a considerable number of experiments to achieve the ideal conditions to 

obtain good-quality infrared spectra of well-isolated monomers.  

All the matrix isolation instrumentation and procedures are described in detail in Chapter 2 of this 

thesis. 

 The experimental results that will be discussed here proved that the thione form was the only 

tautomer that exists in the low temperature matrices immediately after deposition, which is in accordance 

with the calculations performed for the isolated molecule in vacuo.  
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2-Mercaptoimidazole  

  

 To perform the matrix isolation experiments, the compound was sublimated in vacuo at 

approximately 380 K. The IR spectrum of 2-MI isolated in argon (15 K) along with the theoretical spectra 

of the two 2-MI tautomers is presented in figure 20. Since the calculated harmonic frequencies for the 

studied systems show systematic deviations in relation to the experimental values (this is also due to 

other approximations of the used theoretical method, e.g., basis set limitation), appropriate scale factors 

were used to improve the agreement of the results. For all the experiments performed in this work, the 

calculated vibrational frequencies were scaled by a factor of 0.954, above 2700 cm-1, and by 0.978 below 

this frequency.   

 The theoretical spectra predicted for the thione and thiol tautomers are substantially distinct, 

thus making easy to distinguish these species experimentally. In fact, the comparison of the spectrum of 

the as-deposited matrix with the theoretical data for the two tautomers led to the unequivocal conclusion 

that the thione was the sole 2-MI tautomeric species present in the matrix after deposition. Indeed, it is 

clear from figure 20 that the predicted spectrum of the thione form fits very well the experimental 

spectrum, while that of the thiol tautomer shows a distinct profile. This result is also in agreement with 

the calculated relative energies of the two tautomers (the thione form was found to be 33.9 kJ mol-1 lower 

in energy than the thiol tautomer; see above).   

 The molecule of 2-mercaptoimidazole has 10 atoms, which results in 24 normal modes of 

vibration. In the case of thione 2-MI, which has a C2v planar structure, 21 of the 24 normal modes are 

active in the infrared, while all modes are active in Raman. Table 25 (in Appendix) presents the definition 

of the internal coordinates used in the performed normal mode analysis of 2-MI thione and their forms. 

Table 13 provides the assignment of the spectra, with the calculated potential energy distribution (PED) 

resulting from the normal coordinate analysis.  
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Figure 20. Experimental infrared spectrum of 2-MI isolated in an argon matrix at 15 K (III) compared with the 

DFT/(B3LYP)6-311++G(d,p) calculated spectra (scaled) of thione and thiol tautomers (II and I, respectively). The 

calculated spectra were simulated by Lorentzian functions. The calculated intensities of the simulated bands 

correspond to the areas below the Lorentzian functions.  
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Table 13. Experimental and calculated DFT(B3LYP)/6-311G++(d,p) frequencies of 2-MI and Potential 

Energy Distributions (PED).a 

 a See table 25 (Appendix) for the definition of symmetry coordinates. Abbreviations: s, symmetric; as, anti-

symmetric; stretching; in-planebending; out-of-plane bending; b Wavenumbers in cm-1; n.i., not investigated. 
c IR intensities in km mol-1. d PED’s lower than 10% are not shown. 

 

 

 

 

 

 

 

 

 

 

Experimental  Calculated 

   ν̃b     ν̃b IIR
c Sym. PEDd 

3508/ 3499/ 3496/3487 

 3501 0.004 A1 (NH)s (100) 

 3500 181 B2 (NH)as (100) 

3193  3143 0.1 A1 (CH)s (99) 

3158  3123 3 B2 (CH)as (100) 

1580  1593 58 A1 (C=C) (58) + (NH)s (18) + (CH)s (17) 

1483/ 1480/ 1478/1474  1486 413 A1 (NH)s (32) + (CN)s (21) + (C=C) (13) + (NC)s (13) + (ring)1 (12) 

1405  1395 0.3 B2 (CH)as (33) + (NC)as (34) + (NH)as (23) 

1366  1365 19 B2 (NH)as (50) + (CN)as (23) + (CH)as (21) 

1232/ 1231  1220 2 B2 (CN)as (55) + (CH)as (18) + (NH)as (12) 

1188/ 1187  1179 146 A1 (NC)s (34) + (C=S)(25) + (CN)s (25) (NH)s (14) 

1128/1126 ?  1128 0.1 A1 (CH)s (64) + (C=C) (18) 

1099  1106 7 A1 (NC)s (46) + (NH)s (34) + (C=C) (10) 

1047/ 1046  1045 50 B2 (NC)as (58) + (CH)as (26) + (NH)as (13) 

945  946 0.8 A1 (ring) (47) + (CN)s (30) + (CH)s (18) 

906  906 5 B2 (ring) (86) + (CN)as (11) 

-  813 - A2 (CH)as (113.6) 

703  693 115 B1 (CH)s (63) + ring)2 (25) + (C=S) (12) 

663  650 23 B1 (C=S) (42) + ring)2 (30) + (CH)s (29) 

-  608 - A2 ring)1 (100) 

565/ 564  543 98 B1 (NH)s (100) + (C=S) (10) 

534  525 17 A1 (C=S) (56) + (ring)1 (29) + (CN)s (11) 

-  482 - A2 (NH)as (92) + ring)1 (10) 

n.i  316 0.8 B2 (C=S) (89) 

n.i  201 3 B1 ring)2 (66) + (C=S) (36) 
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2-Mercaptobenzimidazole 

 

To perform the matrix isolation experiment, the compound was deposited at 10 K, following the 

general procedure used in the studies reported in this thesis.  

The experimental infrared spectrum of the 2-MBI isolated in argon is presented in figure 21, 

where it may be compared with the calculated spectra of the two tautomers. As for the unsubstituted 

mercaptoimidazole (2-MI), the results clearly show that only the thione tautomer of 2-MBI is present in 

the deposited matrix. The reproduction of the experimentally obtained spectrum by the calculated one 

for this tautomer is excellent, both regarding the frequencies and band intensities. On the other hand, no 

features could be identified in the experimental spectrum that could be assigned to the thiol tautomer. 

At first sight, observation of two low-intensity bands at 1410 and 1450 cm–1 rose the question of presence 

of the thiol tautomer in the matrix in trace amounts, since these two bands appear at the approximate 

positions of the two most intense predicted bands of this species. However, we could safely rule out this 

by taking into account the results obtained in the photochemical experiments (described in Chapter IV of 

this thesis in detail), where the full vibrational signature of the thiol tautomer could be obtained.  

It is also interesting to note that for this molecule the experimental spectrum evidences extensive 

site-splitting, with most of the bands exhibiting multiplet structure. Particularly striking site-splitting 

occurs in the 1492-1483 cm–1 region, where the observed bands are also broader than all the others in 

the spectrum. The bands in this spectral region are assigned to the NH symmetrical bending, and the 

extended site-splitting and broadening can then be easily explained considering the involvement of the 

NH moieties in specific interactions with the host matrix atoms, which reflects in its high sensitivity to 

local environment. Extensive site splitting is also noticeable in the case of the features observed in the 

1362-1356 and 1141-1137 cm–1 spectral ranges, which correspond to vibration exhibiting also relevant 

contributions from the NH bending coordinates (either symmetrical or anti-symmetrical bendings), the 

same applying also to the features ascribed to the NH stretching vibration, in the 3495-3488 cm–1 region.  

The molecule of 2-mercaptobenzimidazole has 16 atoms which give rise to 42 normal modes of 

vibration. The C2v symmetry of the as-deposited 2-MI thione tautomeric form led to 36 normal modes 

active in the infrared. The internal coordinates used in the normal modes description of the 2-MBI thione 

are shown in table 26 (see Appendix). The spectral attributions, together with the calculated energy 

distribution (PED), are shown in table 14.  
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Figure 21. Experimental infrared spectrum of 2-MBI isolated in an argon matrix at 15 K (III) compared with the 

DFT(B3LYP)/6-311++G(d,p) calculated spectra of thione and thiol tautomers (II and I, respectively). The calculated 

spectra (scaled) were simulated by Lorentzian functions. The calculated intensities of the simulated bands 

correspond to the areas below the Lorentzian functions.  
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Table 14. Experimental and calculated DFT(B3LYP)/6-311G++(d,p) frequencies of 2-MBI thione and 

Potential Energy Distributions (PED).a 

a See table 26 (Appendix) for the definition of symmetry coordinates. Abbreviations: s, symmetric; as, anti-

symmetric; stretching; in-planebending; out-of-plane bending; b Wavenumbers in cm-1; n.i., not investigated. 
c IR intensities in km mol-1. d PED’s lower than 10% are not shown. 

Experimental (Ar Matrix)  Calculated   

   ν̃b     νb̃ IIR
c Sym. PEDd 

3495/3493/3490/3488  3495 8 A1 (NH)s (100) 

 3493 145 B2 (NH)as (100) 

3081  3053 7 A1 (CH)1 (96) 

3077  3045 12 B2 (CH)3 (92) 

3072/3071/3069  3037 5 A1 (CH)2 (97) 

 3029 0.006 B2 (CH)4 (93) 

1622  1631 1 B2 (CC)3 (60) 

1621  1626 42 A1 (CC)1 (27) + (CC)5 (25) + (CC)6 (15)   

1492/1488/1487/1483  1497 235 A1 (NH)s (33) + CH)1 (27) + (NC)s (16)  

 1495 0.1 B2 (CC)4 (26) + CH)3 (26) + ring2)1 (10) 

1478/1477/1476/1474/1473/1471  1470 452 A1 (CN)s (20) + (CC)2 (16) +CH)1 (15) + (CC)5 (15) + (NH)s (10) 

1362/1360/1358/1357/1356  1365 24 B2 (CC)2 (33) + (CC)6 (17) + CH)1 (13) 

 1364 158 A1 CH)2 (49) + (NH)as (36) 

1323/1320  1306 17 B2 (NC)as (49) + (CN)as (13) + (ring1)2 (12) 

1279/1273/1272/1271/1269  1268 30 A1 (CN)s (34) + (CC)1 (15) + CH)1 (13) + (CC)5 (12) + (CC)2 (11)  

1244  1245 20 B2 (NH)as (34) + CH)2 (34) 

1207/1206/1201  1195 8 B2 (CN)as (28) + (NC)as (21) + CH)3 (18) + (NH)as (13) + ring2)

1161  1163 5 A1 (CC)6 (14) + CH)4 (72) 

1141/1140/1138/1137  1142 206 A1 (NH)s (43) + (C=S) (24) + (NC)s (23)  

1111  1113 1 B2 (CC)4 (52) + CH)3 (34) + (CC)3 (10)  

1020/1019/1015/1013/1012  1021 15 A1 (CC)6 (37) + (CC)2 (22) + CH)1 (18) + (CC)1 (13)  

978/974  972 3 A1 (ring1)1 (46) + (NC)s (33) + (CC)5 (10) 

-  958 - A2 (CH)4 (110) + (CH)1 (13) 

911  912 3 B1 (CH)3 (108) 

n.o  888 0.09 B2 ring2)1 (52) + (CN)as (19) + (ring1)2 (10)  

-  837 - A2 (CH)1 (86) + (CH)4 (13)  

823/822  819 0.04 A1 (CN)s (20) + (CC)1 (27) + (CC)5 (26)  

-  737 - A2 ring2)1 (71) + ring1)1 (33)  

740/739/737/735  735 82 B1 (CH)2 (92) 

668  653 15 B1 (C=S) (54) + ring1)2 (51)  

621  620 3 B2 (CC)3 (10) + (ring1)2 (40) + ring2)2 (27) 

614/613/612/609  615 21 A1 ring2)3 (48) + (C=S) (18) + ring2)2 (16) + (ring1)1 (11) 

-  570 - A2 ring2)2 (49) + ring2)1 (38) + ring1)1 (28)  

540/539/537/536  522 148 B1 (NH)as (102) + (C=S) (19)  

467  467 4 B2 (C=S) (31) + ring2)2 (25) + (ring1)2 (17) + ring2)1 (10) 

-  448 - A2 (NH)s (106)

n.i  421 0 A1 (C=S) (30) + (ring1)1 (19) + (CN)s (14) + ring2)3 (14)

n.i  418 0.08 B1 ring2)3 (78) + Butterfly (24)

n.i  294 0.06 B1 Butterfly (47) + ring2)3 (30) + ring1)2 (14) + (C=S) (10)

-  236 - A2 ring2)2 (53) + ring1)1 (45)

n.i  222 2 B1 (C=S) (58) + (CN)as (12) + ring2)2 (11)

n.i  98 0.0004 B1 ring1)2 (59) + Butterfly (21) + (C=S) (17)
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1-Methyl-2-Mercaptoimidazole 

 

The infrared spectrum of the matrix-isolated compound (15 K) and the calculated spectra of the 

two tautomeric structures are presented in figure 22. The bands of the as-deposited sample match very 

well the calculated ones for the thione tautomeric species. In this case, the water bands were subtracted 

from the experimental spectrum in order to make possible the visualization and correct identification of 

the vibrational assignments in this region.  

 The non-observation of any evidence of the thiol tautomer in the matrix, as the absence of any 

band in a position matching its most intense band at near 1445 cm-1, suggests that this tautomer is not 

present in the gas phase prior to deposition. This also allows to conclude that the energy transferred as 

heat to the solid to obtain the gaseous compound was not sufficient to cross the energy barrier associated 

to an intramolecular hydrogen transfer between the nitrogen and sulphur, which would putatively 

convert the thione form (present in the crystal) to the thiol form.  

From the observation of the registered infrared spectrum (see also table 15, with the proposed 

band assignments) it is possible to verify that a widespread site-splitting does also occur for this molecule 

in the bands having a significant contribution from the N-H bending modes (both symmetrical and 

asymmetrical bendings) or NH stretching mode. 

Another relevant feature raises with the observation of a broad feature (which exhibits also 

extensive site-splitting; 1505, 1500, 1496, 1485, 1482 cm-1) appearing nearly at 1485 cm-1, ascribable 

mostly to the methyl symmetric bending. The observed broadening might be due to the fact that the 

methyl group is undergoing a partial free rotation even in the matrix media (i.e., the methyl torsion is 

characterized by being a large amplitude vibration), which induces a dispersion of the vibrational levels 

associated with the bending modes (and also with the stretching modes, which unfortunately appear with 

too low intensity in the matrix spectra to allow a detailed analysis of the band profiles).  

The molecule of 1-methyl-2-mercaptoimidazole has 13 atoms which gives rise to 33 normal modes 

of vibration. Since thione 1-M-2-MI has a Cs symmetry, all of the normal modes are active in the infrared. 

The internal coordinates used to normal modes description of the 1-M-2-MI thione are shown in table 27 

(see Appendix).   
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Figure 22. Experimental infrared spectrum of 1-M-2-MI isolated in an argon matrix at 15 K (III) compared with the 

DFT(B3LYP)/6-311++G(d,p) calculated spectra of thione and thiol tautomers (II and I, respectively). The calculated 

spectra were simulated by Lorentzian functions. The calculated intensities of the simulated bands correspond to the 

areas below the Lorentzian functions.  
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Table 15. Experimental and calculated DFT(B3LYP)/6-311G++(d,p) frequencies of 1-M-2-MI and Potential 
Energy Distributions (PED).a 

a See table 27 (Appendix) for the definition of symmetry coordinates. Abbreviations: s, symmetric; as, anti-

symmetric; stretching; in-planebending;  out-of-plane bending; torsion.b Wavenumbers in cm-1; n.i., not 

investigated. c IR intensities in km mol-1. d PED’s lower than 10% are not shown. 

  

 

 

 

Experimental (Ar Matrix)  Calculated   

   ν̃b     ν̃b IIR
c Sym. PEDd 

3510/3506/3498  3500 90 A' (NH) (100) 

3170/3165  3140 0.2 A' (CH)1 (96) 

3152/3141  3120 3 A' (CH)2 (97) 

3017  2994 8 A' (CH3)as’ (99) 

2987  2968 10 A" (CH3)as" (100) 

2949  2907 30 A' (CH3)s (99) 

1575  1583 16 A' (C=C) (63) + (CH)2 (10) 

1505/1500/1496/1485/1482  1498 135 A' (CH3)as’ (59) + (CH3)as’ (15) 

1467/1456/1449  1465 164 A' (CH3)s (27) + (NH) (21) + (CH3)as’ (12) 

1441/1440 
 1450 63 A' (CH3)s (38) + (CH3)as’ (13) 

 1449 14 A" (CH3)as" (90) + (CH3)as" (10) 

1404/1401  1407 33 A' (CH3)s (32) + (CH)1 (11) + (CH)2 (11) + (CN)3 (10) 

1323/1321/1319  1310 48 A' (NC)3 (28) + (CH3)as’ (15) + (CN)2 (13) + (NH) (12) 

1287/1284/1281/1278  1281 44 A' (NC)3 (26) + (CH)1 (19) + (CH)2 (14) 

1222/1220  1207 59 A' (NC)2 (45) + (NH) (20) + (CH)2 (12) 

1163/11161  1157 36 A' (C=S) (17) + (ring)1 (17)+ (CN)3 (12) + (CH3)as’ (11) 

1128/1121  1131 0.2 A" (CH3)as" (88) + (CH3)4 (10) 

1091/1086/1085  1090 23 A' (CN)3 (47) + (CH)2 (22) + (NH) (13) 

1080/1078  1083 10 A' (CH3)3 (31) + (CH)1 (24) + (CH)2 (16) 

1009/1005  1006 19 A' (CN)2 (27) + (CH)1 (18) + (CH3)as’ (17) 

913  912 3 A' (ring)2 (62) + (NC)3 (20) + (ring)1 (11) 

804/798  809 0.7 A" (CH)1 (61) + (CH)2 (52) 

701/698/696/694/692 
 688 68 A" (CH)2 (33) + (CH)1 (26) + ring)2 (23) + (C=S) (19) 

 687 5 A' (NC)1 (43) + (ring)2 (12) + (ring)1 (11) 

667/663  653 35 A" (C=S) (36) + ring)2 (24) + (CH)2 (19) + (CH)1 (18) 

608/606/605  604 4 A" ring)1 (101) 

542/541  535 13 A' (C=S) (49) + (ring)1 (29) + (NC) (10) 

529/526/522  505 46 A" (NH) (92) + ring)1 (13) 

n.o  411 3 A' (NC) (43) + (C=S) (29) 

n.i  239 4 A' (C=S) (56) + (NC) (35) 

n.i  209 3 A" ring)2 (35) + (C=S) (34) + (NC) (30) 

n.i  185 3 A" (NC) (64) + ring)2 (31) 

n.i  40 0.2 A"  CH3) (99) 
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1-Methyl-2-Mercaptobenzimidazole 

 

The infrared spectrum of the matrix-isolated 1-M-2-MBI (10 K) and the calculated spectra of the 

two tautomeric structures are present in figure 23. As in the other studied cases, and is in agreement with 

the calculations, the spectrum of the as-deposited matrix corresponds to that of the thione tautomeric 

form.  

It is possible to notice that specific interactions between the molecule and the matrix contribute 

to the observed broadening (the benzosubstituent has been identified as a cause of site-splitting, while 

the methyl groups has been show – see above – to exhibit a substantial conformational flexibility with a 

torsional mode of large amplitude, which is in agreement with the 1.1 kJ mol-1 predicted low barrier for 

methyl torsion).  

The molecule of 1-methyl-2-mercaptobenzimidazole has 19 atoms which gives rise to 51 normal 

modes of vibration. Belonging to the Cs point group, the thione form has all normal modes active in the 

infrared. Table 28 (Appendix) shows the definition of the internal coordinates used in the performed 

normal coordinate analysis. The spectral assignments, together with the calculated energy distributions 

(PED), are shown in table 16.  

 
 
Figure 23. Experimental infrared spectrum of 1-M-2-MBI isolated in an argon matrix at 15 K (III) compared with the 

DFT(B3LYP)/6-311++G(d,p) calculated spectra of thione and thiol tautomers (II and I, respectively). The calculated 

spectra were simulated by Lorentzian functions. The relative intensities of the simulated bands correspond to the 

areas below the Lorentzian functions.  
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Table 16. Experimental and calculated DFT(B3LYP)/6-311G++(d,p) frequencies of 1-M-2-MBI and Potential 

Energy Distributions (PED).a 

  

Experimental (Ar matrix)  Calculated   

   ν̃b     ν̃b IIR
c Sym. PEDd 

3506/3496/3493/3483  3497 80 A' (NH) (100) 

3081  3053 7 A' (CH)1 (93) 

3073  3046 13 A' (CH)3 (78) 

3063  3037 7 A' (CH)2 (90) 

n.o  3028 0.05 A' (CH)4 (89) 

3020  2995 0.6 A' (CH3)as’ (95) 

2974  2949 19 A" (CH3)as" (100) 

2936  2892 42 A' (CH3)s (95) 

1600 ?  1631 12 A' (CC)2 (34) + (CC)3 (12) 

1589   1620 10 A' (CC)1 (29) + (CC)5 (18) + (CC)4 (12) + (CC)6 (12) 

1496  1497 19 A' (CH3)as’ (27) + (CH3)s (10)  

1492  1496 24 A' CH)2 (20) + (CC)3 (14) + (CC)4 (14) + CH)1 (12)  

1475/1472  1480 212 A' (CH3)as’ (35) + (CC)5 (10)  

1467  1473 8 A" (CH3)as" (92) 

1441/1439  1444 324 A' (NH) (22) + CH)1 (14) + (NC)3 (11) + (CH3)as’ (10) 

1425/1423  1433 29 A' (CH3)s (75) 

1379  1374 48 A' (NC)1 (19) + (NC)2 (16) 

1359/1356/1354  1361 167 A' (CC)2 (13) + (CC)6 (13) + (CH3)s (10)  

1335/1332  1331 77 A' CH)4 (16) + (CN)1 (12) + CH)1 (12) + CH)2 (11)  

1281  1277 7 A' (CN)10 (25) + (NC)8 (15) + (CC)4 (12) 

1241/1237  1241 18 A' CH)4 (18) + CH)3 (16) + (CH3)as" (15) + (NC)2 (10) 

1194/1192  1188 101 A' (NC)3 (37) + (NH) (33)  

1163  1164 1 A' CH)2 (33) + CH)1 (26) + (CC)6 (13) + CH)4 (11) 

1141  1137 2 A' (NC)1 (16) + (ring1)1 (13) + (CC)5 (11)  

1120/1119  1135 0.5 A" (CH3)as" (90) 

 1119 59 A' (CH3)as’ (16) + (CC)4 (15) + (CC)3 (10) 

1093  1087 72 A' (CH3)as’ (30) + ring2)1 (11) + (NC)2 (11) 

1014/1013  1020 17 A' (CC)6 (38) + (CC)4 (18) + (CC)3 (16) +  CH)3 (11) + CH)4 (11)    

949  957 0.007 A" (CH)4 (110) + (CH)1 (13) 

901  909 2 A" (CH)3 (109) 

882  895 3 A' ring2)1 (43) + (NC)2 (10)  

n.o  836 0.004 A" (CH)1 (85) + (CH)4 (13)  

829  835 0.1 A' (CC)1 (15) + (CC)5 (14) + (C=S)12) + (CN)2 (12) + (CC)2 (10) 

747  742 3 A" ring2)1 (70) + ring1)1 (31) 

737/736  735 81 A" (CH)2 (91) 

 730 1 A' (NC)1 (25) + (NC)2 (11) + (ring1)1 (10) + ring2)2 (19) 

662  650 4 A" (C=S) (60) + ring1)2 (42)  

626/624/622/620  624 17 A' ring2)3 (47) + (C=S) (15) + (ring1)2 (11)  

576  577 7 A' (C=S) (10) + ring1)2 (15) + ring2)2 (36) 

574  573 2 A" ring2)2 (48) + ring2)1 (38) + ring1)1 (28)  

522  524 8 A' (ring1)2 (28) + ring2)3 (15) + (C=S) (12) + (NC) (11)  

500  480 78 A" (NH) (97) + (C=S) (10) 

n.i  424 0.1 A" ring2)3 (70) + Butterfly (26)  

n.i  421 11 A' (C=S) (31) + (ring1)1 (19) + ring2)3 (12) 
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n.i  305 0.06 A" ring2)3 (35) + Butterfly (34) + (C=S) (11) 

n.i  266 2 A' (NC) (62) + (C=S) (19)  

n.i  258 0.8 A" ring2)2 (41) + ring1)1 (26) + (NC) (23) 

n.i  227 2 A' (C=S) (48) + ring2)2 (14) 

n.i  132 3 A" (NC) (71) + ring1)1 (15) + ring2)2 (12)  

n.i  100 0.4 A" ring1)2 (56) + Butterfly (23) + (C=S) (17) 

n.i  88 0.01 A" CH3) (93) 

a See table 28 (Appendix) for the definition of symmetry coordinates. Abbreviations: s, symmetric; as, anti-

symmetric; stretching; in-planebending; out-of-plane bending; torsion.b Wavenumbers in cm-1; n.i., not 

investigated. c IR intensities in km mol-1. d PED’s lower than 10% are not shown. 
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Chapter IV. Photochemistry of 2-Mercaptoimidazole,                                                    

2-Mercaptobenzimidazole and their 1-Methyl Substituted Derivatives  

 

4.1 Introduction 

 

The photo-induced reactions of heterocyclic compounds have been widely studied due to their 

relevance in many domains. Light-induced proton transfer reactions, in particular, play important roles in 

chemistry, materials sciences and biochemistry, justifying the large effort dedicated to this subject over 

the years by the scientific community. Because the advantages of the matrix isolation technique in 

establishing details of the mechanisms associated with such type of chemical processes, this has been one 

of the elected techniques since its development, but in particular after the development of affordable 

tunable UV-lasers.  

Phototautomerization in matrix-isolated species has been one of the central subjects of investigation 

in the LMCB. Phototautomerism in nucleic acid bases, phenol and thiophenol derivatives, among other 

families of compounds, have been investigated in detail in the Laboratory.30,32,33,35,36 However, the 

phototautomerism involving directly sulphur and nitrogen atoms in heterocyclic rings has not yet received 

much attention, and mechanistic aspects of the photo-induced H-transfer processes in this type of 

molecules still remain unclear. This fact has motivated the present investigation, which intends to give a 

contribution to further the understanding of this type of processes.  

In this chapter, the results of our investigation on the photo-induced tautomerism of matrix-isolated 

2-mercaptoimidazole, 2-mercaptobenzimidazole and their 1-methyl derivatives are reported. The matrix-

isolated monomers of the studied compounds were subjected to in situ irradiations with light provided 

by a tunable narrowband UV source, and the photoreactions were probed by infrared spectroscopy, 

supported by results of quantum chemical calculations of the IR spectra of the relevant species. The 

results obtained for the four studied molecules are compared, and correlations between their structures 

and the experimental observations are proposed. Besides phototautomerism other observed 

photoprocesses are also described in this chapter.  
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4.2 Phototautomerism 

 

As it was described in Chapter 2, only the thione tautomeric form of the molecules under study 

were observed in the as-deposited matrices of the compounds. As shown below, upon excitation of these 

species at proper wavelengths, we were able to convert them to the corresponding thiol tautomers, which 

have never been observed before. The first step in the design of the photochemical experiments was the 

selection of the excitation wavelengths to apply to the matrix-isolated compounds. Two strategies were 

used: (1) recording and analysis of the UV absorbance spectra of the compounds in ethanol solution; (2) 

searching for the most efficient excitation wavelengths by wavelength scan directly performed on the 

matrix-isolated compounds. The irradiations were performed with the narrowband UV light provided 

from the laser/MOPO system described in Chapter 2. The photo-induced reverse process (thiolthione) 

was also successfully achieved for the benzene substituted compounds, upon subsequent irradiations of 

the initially produced thiol tautomer, using different wavelength. 

  

 

2-Mercaptoimidazole 

 

 Matrix-isolated 2-MI monomers were irradiated using wavelengths in the range 300-260 nm, 

using the direct scan approach. The irradiations with λ > 295 nm did not lead to any observable change in 

the IR spectra of the matrix-isolated 2-MI. The first changes were detected after the 295 nm irradiation, 

while the maximum consumption of the initially present in the matrix 2-MI thione tautomeric form took 

place when irradiation was performed at λ = 290 nm (figure 24). 

Figure 25 shows the results obtained after 30 min of irradiation at 290 nm. From the IR intensities, 

it could be estimated that the amount of thione was reduced comparatively to the initial amount. On the 

other hand, a set of bands appearing after irradiation could be assigned to the 2-MI thiol tautomer (see 

figure 25). Besides, other new bands due to additional photoproducts could also be observed to emerge 

in the infrared spectrum of the photolysed matrix.  

The excitation wavelength used that found to be more effective for thione 2-MI consumption is 

in agreement with the absorption in the UV spectrum of 2-MI in ethanol solution. A detailed analysis of 

this spectrum, including its comparison with the theoretically obtained UV spectrum using time-

dependent DFT (TD-DFT) calculations for both tautomers, led to the conclusion that in ethanol solution, 

while both tautomers can be expected to coexist, the absorption bands of the two tautomers (thione and 

thiol) are extensively overlapped, through the thiol form shall absorb mostly in the higher-energy wing of 
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the observed band. These facts, and the relative low efficiency of the observed thionethiol process, 

made not possible to observe the reverse phototautomerisation for this molecule.  

On the other hand, phototransformation of both forms into other species (see in section 4.3) was 

also observed.  

The comparison of the experimental infrared spectrum of the main photoproduct resulting from 

the 290 nm irradiation with the theoretical one predicted for the 2-MI thiol tautomer (see figure 25) 

allowed to doubtlessly conclude that this tautomer corresponds to the observed photoproduct. The 

observation of the νSH stretching characteristic band at 2620 cm-1, in particular, is especially conclusive. 

Tables 29 (Appendix) and 17 present the chosen coordinates for the normal coordinate analysis carried 

on for 2-MI thiol tautomer and the assignments proposed here for the IR spectrum of this species, 

respectively. This tautomer belongs to Cs symmetry point group. The assignments take into account the 

calculated data, which is also provided in Table 17.  

It shall be stressed here that it is also clear from the results (specifically from the observed relative 

IR intensities) that the consumption of the thione form does not promote a proportional formation of the 

thiol tautomer (30 min of irradiation at 290 nm reduces the amount of the thione form in ~80%, while the 

amount of thiol form produced is only ~15%; these results were obtained by taking into account the ratio 

of the most intense experimental bands in the spectra of the reactant and photoproduct and the 

corresponding ratio of the calculated IR bands). This shows that additional products are being formed, in 

agreement with observation of several new bands in the spectra of the photolysed matrix that cannot be 

explained by the sole formation of the thiol 2-MI form. This will be discussed in details in Section 4.3. 

 

 

 

Figure 24. Photo-induced conversion of thione into thiol form of 2-MI. 
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Figure 25. Infrared difference spectrum: (I) theoretical spectrum of thiol “minus” theoretical spectrum of thione 2-

MI; (II) experimental IR spectrum after λ=290 nm (30 min) irradiation “minus” spectrum of the as-deposited matrix.  
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Table 17. Experimental and calculated DFT(B3LYP)/6-311G++(d,p) frequencies of 2-MI thiol and Potential 

Energy Distributions (PED).a 

Experimental   Calculated   

ν̃b  ν̃b IIR
c Sym. PEDd 

3493  3485 63 A' (NH) (100) 

3158 ?  3125 0.6 A' (CH)1 (87) + (CH)2 (12) 

3140  3096 4 A' (CH)2 (88) + (CH)1  (12) 

2618  2653 3 A' (SH) (100) 

1526/1520  1532 39 A' (C=C) (42) + (NH) (19) + (NC)2 (16) + (CH)2 (10) 

1453/1438  1454 60 A' (NC)2 (33) + (C=C) (22) + (CH)1 (14) 

1419/1417  1422 46 A' (NC)1 (35) + (NH) (23) + (NC)2 (12) 

1334  1335 32 A' (NC)2 (24) + (CH)2 (21)  + (CN)1 (20) + (CN)2 (13) + (CH)1 (13) 

1217  1213 10 A' (NC)1 (34) + (NH) (21) + (CH)2 (21) 

1146  1150 4 A' (CN)2 (69) + (CN)1 (14) + (CH)2 (12) 

n.o  1107 0.2 A' (CH)1 (35) + (C=C) (30) + (CH)2 (15) 

1060  1073 31 A' (CN)1 (46) + (NH) (23) + (CH)1 (14) 

965  958 12 A' (ring)1 (47) + (ring)2 (15) 

910  911 5 A' (ring)2 (77) 

896  889 18 A' (SH) (84) + (NC)1 (11) 

846  849 9 A" (CH)2 (96) + (CH)1 (15) 

722  709 51 A" (CH)1 (73) + ring)2 (17) 

679  674 14 A" ring)2 (65) + (CH)1 (19) + (CS) (10) 

623?  620 7 A" ring)1 (107) 

475  470 0.6 A' (CS) (73) + (ring)1 (19) 

504/495  461 68 A" (NH) (99) 

n.i  282 9 A' (CS) (92) 

n.i  219 4 A" (CS) (78) + ring)2 (23) 

n.i  64 36 A" (SH) (98) 

a See table 29 (Appendix)for the definition of symmetry coordinates. Abbreviations: s, symmetric; as, anti-symmetric; 

stretching; in-planebending;  out-of-plane bending; torsion.b Wavenumbers in cm-1; n.i., not investigated. 
c IR intensities in km mol-1. d PED’s lower than 10% not shown. 
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2-Mercaptobenzimidazole 

 

 2-MBI was isolated in an argon matrix and irradiated with UV light. The initially used UV 

wavelength was 307 nm, which was selected taking into account the absorption spectrum of the 

compound in ethanol (figure 27) and the TD-DFT calculated UV spectrum, as well as literature data for 

similar thiones and thiols.18,29  The analysis of these data led to the conclusion that the benzosubstituted 

2-mercaptoimidazole thione should absorb at longer wavelengths than 2-MI.  

Upon irradiation, the bands of 2-MBI thione tautomer decreased and new bands fitting well the 

predicted spectrum of the thiol tautomer emerged in the spectrum (see figure 28 and table 18, with 

proposed assignments for this tautomer). The matrix was subjected to a total irradiation time of 240 

minutes (the amount of the thione form was reduced in ~50%). A considerable amount of the thione 

tautomer (~30 %) could be converted into the thiol form. The average ratio of conversion was greater 

than that achieved for 2-MI. Nevertheless, also for 2-MBI the thione form was not fully consumed, and no 

photostationary equilibrium could be achieved even after the 240 min spent irradiating the sample (this 

could be easily noticed by plotting the decrease of intensity of the IR bands of either the thione or the 

thiol forms as a function of the time, whose curves do not exhibit the expected plateau of a 

photostationary state). We can then conclude that, in spite of its greater efficiency compared with the 

reaction in 2-MI, the phototautomerization efficiency of the thionethiol conversion is not total.  

 The reversibility of the photoreaction was, in this case, successfully proved by the performed 

subsequent irradiation at λ = 246 nm (figure 26). This irradiation wavelength was chosen taking into 

account the UV absorption spectrum of 2-MBI in ethanol (see figure 27). The experimental IR data 

showing the results of the irradiation at 246 nm following the initial irradiation at 307 nm are shown in 

figure 28.  

The experimental results clearly demonstrate that the two tautomers can be photochemically 

interconverted, with appropriate selection of the excitation wavelengths. Interestingly, the thiolthione 

conversion is, contrary to the thionethiol, very efficient, since all the thiol tautomer formed upon 

irradiation of the initially deposited thione form at 307 nm was consumed almost totally upon irradiation 

at 246 nm in 7 minutes. The reasons for the greater efficiency and rate of the reaction in the thiolthione 

direction observed for 2-MBI are discussed in the next section.  

 

 
 

Figure 26. Photo-induced interconversion of thione and thiol forms of 2-MBI. 
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Another interesting observation in the spectrum obtained after the irradiation at 307 nm was the 

presence of two very small bands at 760 cm-1 and 1191 cm-1, which may belong to the correspondent thyil 

radical. This specie is proposed as relevant intermediate in the observed phototautomerization processes, 

as described in detail in the next section. In any case, the proposed radical intermediate could not be 

established with certainty, based on the analysis of the spectral data under discussion, though the 

referred low intensity IR bands nearly fit the most intense bands predicted for radical. Furthermore, the 

detection of similar radicals in matrices by infrared spectroscopy has been proposed by other authors35-37 

and possible mechanisms involving these type of intermediary species in hydrogen-atom-transfer 

processes have been reported.25;35-37 At the end of this section, after describing all the experiments 

involving phototautomerization (for the whole set of molecules studied), some mechanistic aspects will 

be briefly discussed. 

  

 
 

 

Figure 27.  UV experimental absorption spectrum of 2-MBI in ethanol and TD-DFT calculated spectrum of thione and 

thiol 2-mercaptobenzimidazole (2-MBI).   
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Figure 28. Infrared difference spectrum: (I) theoretical spectrum of thiol “minus” theoretical spectrum of thione 2-

MBI; (II) experimental IR spectrum after λ= 307 nm (225 min) irradiation “minus” spectrum of the as-deposited 

matrix; (III) experimental IR spectrum after λ= 246 nm (7 min) irradiation “minus” spectrum after λ= 307 nm (246 

min) irradiation.  
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Table 18. Experimental and calculated DFT(B3LYP)/6-311G++(d,p) frequencies of 2-MBI thiol and Potential 

Energy Distributions (PED).a 

a See table 30 (Appendix) for the definition of symmetry coordinates. Abbreviations: s, symmetric; as, anti-

symmetric; stretching; in-planebending;  out-of-plane bending;torsion.b   Wavenumbers in cm-1; n.i., not 

investigated. c IR intensities in km mol-1. d PED’s lower than 10% not shown. 

Experimental   Calculated   

ν̃b  ν̃b IIR
c Sym. PEDd 

3495/3486 
3079? 

 3489 68 A' (NH) (100) 

 3050 10 A' (CH)1 (97) 

3072  3042 17 A' (CH)2 (47) + (CH)4 (35) + (CH)1 (10) 

n.o  3031 10 A' (CH)3 (72) + (CH)4 (24) 

n.o 
2620/2619/2617/2616 

 3022 0.05 A' (CH)2 (53) + (CH)4 (34) + (CH)3 (22) 

 2653 4 A' (SH) (100) 

1630/1624  1633 10 A' (CC)1 (28) + (CC)2 (15) + (CC)4 (12) 

1596  1599 3 A' (CC)2 (19) + (CC)6 (17) + (CC)3 (10) + (CC)5 (10) 

1500/1496 
1483 

 1502 58 A' CH)3 (16) + (NH) (15) + (NC)1 (15) + (CC)3 (12) 

 1483 46 A' (NC)1 (36) + (CC)1 (13) + (CC)4 (10) 

1450/1449  1446 114 A' CH)1 (36) + (NC)1 (19) + (CC)5 (15) 

1401 
1345/1344 

 1405 85 A' (NH) (28) + (NC)2 (18) + CH)2 (16) 

 1352 51 A' (CC)2 (14) + (CC)6 (13) + (NC)2 (11) 

1296/1293  1295 21 A' CH)2 (53) + (NC)2 (10) + (CN)4 (10) + ring2)1 (10) 

1269/1268  1260 53 A' (CN)3 (23) + (CN)4 (18) + (CC)5 (13) + (CC)4 (12) + (CC)3 (10) +CH)1 (10) 

1227  1223 12 A' (CN)4 (23) + CH)3 (19) + (CC)1 (13) + CH)2 (11) 

n.o  1156 5 A' CH)4 (40) + (NH) (13) + (NC)2 (11) 

n.o  1153 13 A' CH)4 (30) + (NH) (25) + (NC)2 (14) 

1113  1114 2 A' (CC)3 (26) + (CC)4 (24) + CH)3 (36) 

1012  1014 4 A' (CC)6 (40) + CH)1 (19) + (CC)4 (16) + (CC)3 (14) 

971  966 8 A' (ring1)1 (54) + (CC)5 (12) + (NC)2 (10) 

n.o  963 0.03 A" (CH)4 (110) 

n.o  924 2 A" (CH)3 (101) 

893/886  906 5 A' (SH) (45) + ring2)1 (26) 

842/834  877 14 A' (SH) (41) + ring2)1 (26) + (ring1)2 (10) 

n.o  836 0.5 A" (CH)1 (87) + (CH)4 (10) 

812  808 2 A' (CC)5 (24) + (CC)2 (16) + (CC)1 (14) + (CN)3 (12) 

742/741/740  743 76 A" (CH)2 (78) 

727  713 5 A" ring1)1 (32) + ring2)1 (62) + (CH)2 (11) 

669/675  668 5 A" ring1)2 (71) + (CS) (23) 

623  621 0.3 A' (ring1)2 (43) + ring2)2 (25) 

604  595 2 A' ring2)3 (54) + (CS) (18) + ring2)2 (14) 

572  575 2 A" ring2)2 (45) + ring2)1 (37) +  ring1)1 (31) 

n.o  461 10 A' (CS) (22) + (ring1)2 (15) + ring2)1 (11) + ring2)2 (34) 

n.o  428 12 A" ring2)3 (79) + Butterfly (19) 

n.i  390 3 A' (CS) (50) + (ring1)1 (16) + ring2)3 (11) 

n.i  363 54 A" (NH) (97) 

n.i  299 0.08 A" Butterfly (36) + (CS) (31) + ring2)3 (26) 

n.i  245 3 A" ring1)1 (37) + ring2)2 (57) 

n.i  202 2 A' (CS) (69) 

n.i  147 43 A" (SH) (92) 

n.i  108 4 A" ring1)2 (33) + Butterfly (32) + (CS) (29) 
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1-Methyl-2-Mercaptoimidazole 

 

 The thione tautomeric form of 1-M-2-MI, isolated in the argon matrix, was irradiated at its 

maximum UV absorption wavelength in ethanol solution (261 nm; figure 29 and figure 31). This value 

was selected by taking into account the previously described experiments where it was shown that the 

maximum absorbance in the UV spectra in ethanol solution was an appropriate choice for excitation 

wavelength in order to induce phototautomerization in these molecules. For 1-M-2MI, as for 2-MI, the 

interpretation of both experimental and calculated UV absorbance spectra led to the conclusion that the 

absorption bands due to the two tautomeric forms are extensively overlapped.  

The results of the phototautomerization experiments on 1-M-2MI (data obtained after 80 min of 

irradiation) are presented in figure 30. After the first irradiation at 261 nm, the absorptions due to 

the initially deposited tautomer started to decrease and other bands appear in the infrared spectrum. The 

thiol calculated spectrum clearly reproduces most of the new emerging bands (see also table 19, with the 

proposed band assignments). An amount of thione tautomer (~20%) was consumed and (~10%) was 

converted into thiol tautomer.  

Subsequent irradiations were performed with UV light of higher energy, up to 230 nm (the 

shortest wavelength available in the used experimental set up), in order to try to observe the reverse 

(thiolthione) photoprocess. However, very unfortunately, no evidence of occurrence of this reaction 

could be seen, since both the remaining thione reactant and the previously produced thiol tautomer 

(obtained by the irradiation at 261 nm) start to be lost, while formation of other photoproducts was 

noticed (see in the next section 4.4). The new bands emerge in the same region of the spectrum of the 

new photoproducts of 2-MI, which indicates that the photofragmentation nature of 1-M-2-MI follow 

similar pathways to those observed for 2-MI. However, a detailed study of these photofragmentation 

reactions is still being done.   

 

 

 

Figure 29. Photo-induced conversion of thione into thiol form of 1-M-2-MI. 
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Figure 30. Infrared difference spectrum: (I) theoretical spectrum of thiol “minus” theoretical spectrum of thione 1-

M-2-MI; (II) experimental IR spectrum after λ=261 nm (80 min) irradiation “minus” experimental spectrum of the as-

deposited matrix.  

 

 

 

 

 

Figure 31.  UV experimental absorption spectrum of 1-M-MI in ethanol and TD-DFT calculated spectrum of thione 

and thiol 1-methyl-2-mercaptoimidazole.  
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Table 19. Experimental infrared spectrum of the photoproduct 1-M-2-MI thiol compared with the DFT 

(B3LYP)/6-311G++(d,p) calculated infrared spectrum, and Potential Energy Distributions (PED).a 

Experimental (Ar matrix)  Calculated   

ν̃b  ν̃b IIR
c Sym. PEDd 

-  3117 1 A (CH)1 (81) + (CH)2 (18) 

-  3093 4 A (CH)2  (82) + (CH)1  (18) 

-  2990 8 A (CH3)as’ (94) 

-  2956 12 A (CH3)as" (95) 

-  2897 33 A (CH3)s (93) 

2616/2610  2652 3 A SH100) 

1507  1515 9 A  (C=C) (51) + (CH)2 (12)                            

n.o  1491 16 A  (CH3)as’ (64) + (CH3)as’ (10)                           

1468  1478 51 A  (NC)2 (25) + (NC)3 (12) + (CH3)s (20)                   

1456  1468 20 A  (CH3)as" (82)                                     

1424  1429 33 A  (NC)2 (15) + (CH3)s (66)                             

1360  1385 63 A  (NC)2 (16) + (NC)3 (32)                          

1343/1334  1341 4 A  (NC)2 (23) + (CN)2 (33)                            

1284/1283  1286 33 A  (NC)1 (20) + (CN)1 (15) + (CH)1 (28) + (CH)2 (15)     

n.o  1152 4 A (CN)1 (61) + (CH)1 (21) 

1136/1134/1132  1139 24 A (ring)1 (20) + (CH3)3 (17) + (CH)2 (10)  

1126  1124 2 A (CH3)as" (78) 

1078  1082 12 A (CH)2 (46) + (C=C) (16) + (CH)1 (14) 

1035  1033 4 A (CH3)as’ (35) + (CN)2 (31) + (ring)2 (15)    

920/918/917  916 21 A (ring)2 (42) + (ring)1 (19) + (SH) (18)  

863  891 15 A (SH) (67) + (ring)2 (18)    

846  844 7 A (CH)2 (97) + (CH)1 (14)   

712  702 34 A (CH)1 (77) + ring)2 (13)  

678  677 7 A (NC)1 (41) + (ring)1 (13) + (ring)2 (11) + (NC)3 (10) 

675  669 24 A ring)2 (59) + (CH)1 (13) + ring)1 (11) +  + (CS) (10)   

620  611 0.2 A ring)1 (101) 

n.o  476 2 A (CS) (64) + (ring)1 (18) + (NC) (11)   

n.i  391 2 A (NC) (48) + (CS) (28)  

n.i  229 1 A (CS) (54) + (NC) (28) + ring)2 (11)  

n.i  212 4 A (CS) (58) + (NC) (27) 

n.i  188 6 A (NC) (40) + SH) (24) + (CS) (22) 

n.i  124 17 A SH) (64) + (NC) (31)   

n.i  62 2 A CH3) (90) 
a See table 31 (Appendix) for the definition of symmetry coordinates. Abbreviations: s, symmetric; as, anti-

symmetric; stretching; in-planebending;  out-of-plane bending; torsion.b   Wavenumbers in cm-1; n.i., not 

investigated. c IR intensities in km mol-1. d PED’s lower than 10% not shown. 
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1-Methyl-2-Mercaptobenzimidazole 

 

The matrix isolated 1-M-2-MBI thione was irradiated at its maximum absorption (λ = 307 nm as in 

the case of 2-MBI; see figure 27). As in the other experiments performed, after irradiation, the bands of 

2-MBI thione tautomer decreased and bands due to the thiol form emerged in the infrared spectrum (see 

figure 33 and table 20, with proposed assignments for this tautomer).  

In this case, the matrix was subjected to excitation at λ = 307 nm wavelength for 51 minutes, with 

the almost total consumption of the thione tautomer (~65%) and formation of the thiol form (~25%).  

 As for 1-M-2-MBI, the photoreversibility of the phototautomerization was proved by the 

subsequent irradiation λ = 246 nm (the same wavelength used to promote 2-MBI photo reverse reaction; 

see figure 32) led to the total consumption of the thiol tautomeric form in 8 minutes.  

Besides phototautomerization reaction, the formation of other photoproducts was observed (see 

the next section 4.4) which were not identified yet.  

 

 

 
 

 

Figure 32. Photo-induced interconversion of thione and thiol forms of 1-M-2-MBI. 
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Figure 33. Infrared difference spectrum: (I) theoretical spectrum of thiol “minus” theoretical spectrum of thione 1-

M-2-MBI; (II) experimental IR spectrum after λ= 307 nm (51 min) irradiation “minus” spectrum of the as-deposited 

matrix; (III) experimental IR spectrum after λ= 246 nm (8 min) irradiation “minus” spectrum after λ= 307 nm (51 min) 

irradiation.  

   

 

 

Table 20. Experimental infrared spectrum of the photoproduct 1-M-2-MBI thiol compared with the DFT 

(B3LYP)/6-311G++(d,p) calculated infrared spectrum, and Potential Energy Distributions (PED).a 

Experimental (Ar matrix) Calculated   

 ν̃b ν̃b IIR
c Sym.  PEDd 

n.o 3049 11 A (CH)1 (79) + (CH)4 (15) 

- 3041 18 A (CH)4 (59) + (CH)1 (20) + (CH)3 (13) 

- 3031 10 A (CH)3 (84) + (CH)4  (15) 

- 3021 0.2 A (CH)2 (87) + (CH)4 (11) 

- 2986 6 A (CH3)as’ (94) 

- 2951 15 A (CH3)as" (94) 

- 2892 42 A (CH3)s (91) 

2615 2651 4 A (SH) (100) 
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n.o 1625 11 A (CC)1 (22) + (CC)2 (17) + (CC)4 (14) + (CC)3 (10) 

n.o 1598 0.3 A (CC)5 (21) + (CC)6 (19) + (CC)2 (15) + (CC)1 (10) 

1500 1499 15 A (CH3)as’ (56) + (CH3)as’ (12) 

1482 ? 1483 7 A (CH3)as’ (18) + CH)2 (16) + CH)1 (14) + (CC)4 (14) 

1463 1473 109 A (NC)3 (57) 

1457 1466 31 A (CH3)s (14) + (CH3)as" (25) 

1456 1465 24 A (CH3)as" (64) 

1439 1439 84 A (NC)3 (11) + (CH3)s (57) 

1379 1372 71 A (NC)1 (21) + (NC)2 (24) 

1366 1365 24 A CH)2 (14) + (CC)6 (12) + (NC)2 (10) + (CC)2 (10) 

1329 1325 38 A (CN)1 (15) + CH)4 (11) 

1281 1285 67 A CH)3 (22) + (CN)2 (18) + CH)1 (12) 

1223 1238 21 A (CN)2 (31) + CH)4 (13) + (CC)1 (11) 

1155 1159 5 A (CC)6 (10) + CH)1 (14) + CH)2 (36) + CH)4 (17) 

1138 1135 3 A CH)3 (20) + CH)1 (17) + (NC)1 (12) + (CC)5 (10) + (ring1)1 (10) 

n.o 1125 4 A (CH3)as"  (86) 

1117/1115/1112 1117 26 A (CC)4 (10) + (CH3)as’ (29) + (ring1)1 (12) 

1097 1092 8 A (CC)4 (10) + (CH3)as’ (24) + ring2)1 (16) 

1008 1013 9 A (CC)6 (41) + (CC)4 (15) + (CC)3 (14) + CH)3 (13) + CH)4 (11) 

n.o 960 0.06 A (CH)4 (110) 

941 922 2 A (CH)3 (99) 

911 911 27 A (SH) (79) 

899 892 5 A ring2)1 (39) + (ring1)1 (11) + (CN)2 (10) 

n.o 840 0.5 A (CH)1 (85) 

820 821 2 A (CC)1 (15) + (CC)2 (13) + (CC)5 (13) + (CS) (11) 

760 747 26 A ring2)1 (42) + (CH)2 (26) + ring1)1 (23) 

~ 741 735 57 A (CH)2 (62) + ring1)1 (12) + ring2)1 (23) 

716 718 2 A (NC)1 (25) + ring2)2 (22) + (NC)2 (12) 

n.o 655 0.09 A ring1)2 (70) + (CS) (25) 

616 607 2 A ring2)3 (49) + (ring1)2 (19) + (CS) (12) 

n.o 576 0.03 A ring2)2 (44) + ring2)1 (41) + ring1)1 (27) 

561 559 5 A ring2)2 (32) + (ring1)2 (20) + (NC)1 (14) 

527 527 6 A (NC) (17) + ring2)3 (17) + (ring1)2 (15) + (CS) (14) + ring2)2 (11) 

n.i 432 5 A ring2)3 (76) + Butterfly (23) 

n.i 391 3 A (CS) (50) + (ring1)1 (16) 

n.i 309 0.2 A ring2)3 (31) + Butterfly (29) + (CS) (28) 

n.i 264 1 A ring2)2 (47) + ring1)1 (21) + (NC) (16) 

n.i 253 1 A (NC) (60) + ring2)2 (11) 

n.i 206 1 A (CS) (70) 

n.i 192 14 A (SH) (87) 

n.i 117 9 A (NC) (57) + Butterfly (18) 

n.i 103 0.1 A (CS) (32) + (NC) (21) + Butterfly (18) + ring1)2 (17) 

n.i 69 0.2 A CH3) (94) 

a See table 32 (Appendix) for the definition of symmetry coordinates. Abbreviations: s, symmetric; as, anti-

symmetric; stretching; in-planebending;  out-of-plane bending; torsion. b Wavenumbers in cm-1; n.i., 

not investigated. c IR intensities in km mol-1. d PED’s lower than 10% not shown.  



Chapter IV. Photochemistry 

82 

 

4.4 Proposed Mechanism for Phototautomerization Reaction  

 

 A mechanism for the observed phototautomerization reactions can be postulated based on 

literature data for a number of heterocyclic compounds, including pyrrole,111,112 indole,113-115 imidazole,116 

phenol,35 and thiophenol.36 The proposed mechanism involves the hydrogen photodetachment, followed 

by recombination of the formed radical species (PIDA – photo-induced detachment association 

mechanism), instead the better known excited-state intramolecular proton transfer (ESIPT)15-17 processes, 

in which a proton transfer is done along a pre-existing intramolecular hydrogen bond. For the studied 

molecular systems, we concluded that the ESIPT process is not favored, since the geometry of this type of 

molecules do not favor the intramolecular hydrogen bond between the nitrogen and sulphur atoms (see 

chapter 3). 

According to the theoretical work of Sobolewski et al.,19-22 the PIDA mechanism should be driven 

by a repulsive singlet (n/π)σ* state. These 1(n/π)σ* states are dark in absorption (they have very small 

transition dipole moments with the ground state) and their potential energy surfaces are dissociative 

along SH/NH stretch coordinates. These properties render their spectroscopic detection extremely 

difficult but their existence could be inferred indirectly via the interpretation of the relaxation or 

fragmentation dynamics following photoexcitation.19-22 On the other hand, since the 1(n/π)σ* states are 

repulsive with respect to SH or NH stretch coordinates, they can predissociate the bound 1* and 1n* 

states. Also, it has been shown that the (n/π)σ* potential energy surfaces generically exhibit a conical 

intersection with the electronic ground-state potential energy surface, this intersection providing a 

suitable mechanism for ultrafast internal conversion to the ground state, which appears as an alternative 

mechanism of relaxation to dissociation (useful to keep integrity of biomolecules like the nucleic acid 

bases, for example, upon UV light exposure). 

Accordingly, one can propose that absorption of the UV photons would take the reactant species 

initially to a bright singlet state of (n/* type, followed by internal conversion to the crucial excited 

singlet state of (n/π)σ* type, which promotes de dissociation though cleavage of the NH or SH bonds 

generating a hydrogen atom and the corresponding radical. Subsequent radical recombination might lead 

to the original species or attachment of the H atom to the S atom or N atom (depending if one is 

considering the thionethiol or the inverse process) yielding the corresponding photoproduct as 

illustrated in the next figure considering the molecule 2-mercaptobenzimidazole (figure 34).  
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Figure 34. Proposed mechanism for phototautomerism in 2-mercaptobenzimidazole. 

 

Note that the PIDA mechanism explains well the relative efficiency of the thionethiol vs. 

thiolthione tautomerizations, with the second being much more efficient than the first. In fact, since 

the radical species formed from both tautomers are the same, the product branch must depend 

essentially from the relative stability of the products resulting from recombination of the radicals, which 

in turn can be correlated with the affinity of the N vs. S atom (in the heterocyclic radical system) to the H 

atom, which favors the nitrogen moiety. 

On the other hand, the observed observed apparent higher efficiency of the thionethiol process 

in the two benzosubstituted imidazoles can be due to either a higher absorption coefficient of these 

species compared to the unsubstituted imidazoles (then the results are essentially kinetically determined, 

since independently of the involved thermodynamics the benzosubstituted molecules will transform 

faster – note that in the performed experiments, as duly stated in the proper place, one was not able to 

reach the conditions of photostationary equilibrium) or to a different detailed mechanism of 

intramolecular energy relaxation in the two types of molecules, associated with possible different energy  

levels structures in the two types of molecules. 

 

 

4.4 Other Photoreactions  

 
As referred in the previous section 4.3, besides phototautomerism other type of photoprocesses 

occur during the UV irradiations. In particular, formation of parent ketenimine was observed (as testified 

by the appearance in the spectra of the irradiated matrices of the characteristic ketenimine asymmetric 

stretching band in the 2000-2100 cm-1 region). Ketenimine type photoproducts were previously observed 

in other experiments performed in the LMCB, and their infrared spectra in argon matrix are well-known, 

in particular for the parent ketenimine.117 All the bands of this molecule were identified in the present 

study, as it is shown in table 21. 

For 2-MI, the two types of processes (photoisomerization and formation of ketenimine) were 

found to attain its maximum efficiency when irradiation was performed at λ = 290 nm. The identified 
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ketenimine photoproduct may have resulted from the photofragmentation of 2-MI, with the 

simultaneous cleavage of two C-N bonds of the heterocyclic ring, as shown in figure 35, which may have 

occurred by two different pathways. In the first pathway, the cleavage from 2-MI thione may lead to the 

initial formation of isothiocyanic acid (HNCS) together with the parent ketenimine. Although isothiocyanic 

acid signature was not directly observed, it was possible to identify its tautomer, thiocyanic acid (HSCN). 

This suggested that the tautomerization of isothiocyanic acid (HNCS) into thiocyanic acid (HSCN) may 

occurred at the same wavelength (λ = 290 nm). This reaction was already investigated in cryogenic 

matrices.118 Besides this tautomerization, the rearrangement of thiocyanic acid into isothiofulminic acid 

(HSNC) may also take place.118 Alternatively, and more acceptably due to the non-observation of 

isothiocyanic acid, the 2-MI thiol cleavage can be taking place, leading directly to the observed thiocyanic 

acid.  

In addition to the thionethiol photoisomerization and photofragmentation to ketenimine, 

which could be doubtlessly identified and constitute the major photoreaction channels, observation of 

additional bands whose origin could not be ascribed with certainty demonstrates that other processes 

take also place upon UV irradiation of 2-MI. The appearance of new bands in the N≡C stretching region 

(2100-2000 cm-1) after the irradiation at 260 nm, suggests the formation of isonitriles.119-122 The most 

intense band, which emerged at 2151 cm-1, have been mainly attributed to ethyl isocyanide.119-122  

The observed photochemistry of 1-M-2-MI closely follows that of 2-MI, indicating that the 

presence of the methyl substituent does not affect significantly the reactivity of the compound, which is 

essentially centered in the imidazole moiety. On the other hand, the two studied benzosubstituted 

compounds were found to be slightly more photostable in relation to photolysis, a result that seems to 

indicate that the presence of the benzenic ring fused to the reactive imidazole fragment leads to a 

stabilization of this later. 

It shall be mentioned here that the greater photostability for fragmentation of the two 

benzosubstituted imidazoles is also partially responsible for the observed greater efficiency of the 

thionethiol isomerization in these compounds compared to both 2-MI and 1-M-2-MI (see discussion 

above). Of course other factor is the fact that the photoisomerization in the benzosubstituted compounds 

takes place upon irradiation at longer wavelengths, which are rather inefficient in inducing the photolysis 

of the imidazole ring. Under these conditions, the photoisomerization channel does not have to compete 

with the photofragmentation channel.  
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Figure 35. Proposed pathways for 2-mercaptoimidzole photolysis upon λ = 290 nm subsequent irradiations. In A 

pathway, the photolysis of 2-MI thiol leads to the direct formation of 2 (thiocyanic acid) and a (ketenimine). The 

rearrangement of 2 gives rise to the formation of 3 (isothiofulminic acid). In the proposed B pathway, the photolysis 

of 2-MI thione lead to the formation of 1 (isothiocyanic acid), which is not detected in the infrared spectra, and a 

(ketenimine). Upon λ = 290 nm irradiation, this photoproduct 1 may tautomerize into 2 (thiocyanic acid). 

 

 

Table 21. Infrared spectra of photolysed of 2-mercaptoimidazole after λ = 290 nm irradiation. 

a Wavenumbers in cm-1. Abbreviations: s, symmetric; as, anti-symmetric; stretching; in- 

planebending; out-of-plane bending; torsion. Literature data for isolated monomers of parent 

ketenimine,117 thiocyanic acid,118 isothiofulminc acid.118

Experimental ν̃a (in this work)  Experimental ν̃a (reported)117, 118  Approximate Description 

Ketenimine     

3298/3294  3298  (N-H) 

2039/2034  2039/2037  (N=C=C)as 

1119  1124  (N=C=C)s + CH2) 

1025  999  CNH) 

872  871  (N-H) 

692  689  (H2CC) 

     

Thiocyanic acid     

2599  2581  (S-H) 

2157  2182  (C-N) 

964/947  958  S-H) 

     

Isothiofulminic acid       

2065  2064  (S-H) 
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Chapter V. Solid State Structural Analysis  

 

5.1 Solid State Structural Characterization of 2-Mercaptoimidazole 

 

  

 It is well known that tautomerism depends on several factors, as temperature, solvent, pH and 

other factors.15 Often, the tautomer present in the solid state corresponds to the most stable tautomer 

in solution. However, this is not a rule, since the crystallization process depends on the balance of 

thermodynamics and kinetics, and the final product may result from less stable but faster growing 

crystallization nuclei.  

In this Chapter, investigations on the tautomerism of 2-mercaptoimidazole in the solid state are 

presented. As found in the case of gaseous phase, only the signature of 2-MI thione tautomer was 

observed for the compound in its neat solid phase.  

 

 

Figure 36. Infrared spectra of neat condensed phases of MIZ: (green) glassy state resulting from the fast deposition 

of the vapor of the compound onto a cold substrate kept at 17 K, (blue) crystalline state resulting from annealing of 

the glassy film up to 285 K and (black) crystalline state at 17 K after re-cooling of the sample.  
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Indeed, the infrared spectra of the glassy state resulting from the fast deposition of the vapor of 

the compound onto a cold substrate kept at 17 K, and the crystalline states resulting from annealing of 

the glassy film up to 285 K and then re-cooling it to 17 K (presented in figure 36) all are very similar (with 

the characteristic larger bandwidths for the spectra of the amorphous and high-temperature crystal). 

When the spectra of the neat condensed phases are compared with the calculated spectra of the isolated 

tautomers and with the IR ATR spectrum of the purchased sample of the compound, it is possible to 

identify the 2-MI thione tautomer as the constituting unit of the studied neat condensed phases of the 

compound, while no signals of presence of the thiol tautomer (as the characteristic S-H band) were found 

in the spectra. 

Several recrystallizations of 2-MI were undertaken using different solvents and different initial 

concentrations. Crystals were then analyzed by several techniques (including Raman microspectroscopy, 

DSC, PLTM and X-ray diffraction) and no desmotropy nor polymorphism were observed. The thermal 

behavior of 2-MI and its crystal structure at room temperature were previously reported:102 the melting 

of 2-MI occurs at Tfus = (230.4 ± 0.1) K, with molar enthalpy of fusion fusHo
m = (17.5 ± 0.3) kJ mol-1, while 

no other processes were observed during the heating process from 25 to 250 oC.102 

 Besides 2-mercaptoimidazole, the other compounds addressed in this thesis in the solid state 

may be subject of future investigations.  

 

 

5.2 Structural Characterization of a New Polymorph of 2-[(1H-Imidazol-

2-yl)disulfanyl]-1H-imidazole 

 

 

Disulfide bonds formation plays a central role in protein folding and for the synthesis of molecules 

with useful properties for biological applications.122-125 

Here, the synthesis and structural characterization of the dimer of 2-MI bearing a disulfide bridge 

between the two imidazole rings (2-[(1H-Imidazol-2-yl)disulfanyl]-1H-imidazole, abbreviated as IDI; figure 

37) are presented. Besides the theoretical investigation of the isolated molecule of the compound, studies 

were performed on the neat solid compound. In result of these studies, a new crystalline variety of the 

compound, herein designated as polymorph II, was found and characterized structurally by X-ray 

diffraction. The thermal behavior of the synthesized material was also evaluated, using both DSC and 

polarized light thermal microscopy. 



Chapter V. Solid State  

 

91 

 

The compound was obtained from a solution 2-MI in THF, after slow evaporation of the solvent 

at room temperature. A mixture of different materials was obtained, as found by Raman micro-

spectroscopy, the major component being 2-MI; IDI crystals were found to correspond to the second more 

abundant material, while minor amounts of other non-characterized materials could also be observed 

(most probably corresponding to materials based on oligomers of 2-MI). The process was repeated with 

the time of solvent evaporation increased, by keeping it at a lower temperature. This procedure led to 

the total consumption of 2-MI, with IDI being obtained as the major product.  

The afforded crystals of IDI were selected manually under microscope observation and crystals 

suitable for single crystal X-ray measurements were used for structure determination. 

Very interestingly, the solved structure of IDI was found to constitute a new polymorph of the 

compound. The structure of the previously known polymorph of IDI (polymorph I) has been reported by 

Bazargani et al.,126 being monoclinic, space group C2/c, with a = 14.083(3) Å, b = 6.3928(13) Å, c = 9.922(2) 

Å, and  = 122.29(3)o, and 4 molecules per unit cell. In the crystalline structure of polymorph, I, the 

asymmetric unit contains one half-molecule, and a twofold rotation axis passes through the middle of S—

S bond (figure 37). The S—S bond distance is 2.0713(14) Å, the planar imidazole rings form an angle 

between them of 21.83(19)o, and the torsion angle of C—S—S—C is 83.62(17)o, with the two H atoms 

connected to the ring nitrogen atoms pointing to opposite directions (see figure 37). Intermolecular  

N—H···S hydrogen bonds result in the formation of linear chains along the c-direction; further - 

interactions between the imidazole rings of adjacent chains in the a-direction (cg···cg distance: 3.4466(19) 

Å) define the supramolecular structure in the crystal. 

 

 

 

Figure 37.  Projection of the crystal structure of polymorph I of IDI along the unit cell.126 
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The structure of the newly synthesized polymorph was found to be considerably more complex. 

The analyzed crystal was a 2-fold rotational twin through the (1 0 3) reciprocal vector or [101] direct 

vector. The compound crystallizes in the non-centrosymmetric Ia monoclinic space group, with Z = 16 and 

cell parameters: a = 7.45910(10) Å, b = 44.1680(8) Å, c = 11.3522(2) Å and  = 103.0240(10)o. The unit cell 

contains 4 symmetry independent molecules, which assume different conformations (figure 38). The 

crystal structure is stabilized by an extensive network of hydrogen bonds involving the NH groups as 

proton donors and the bare N atoms as acceptors. A total of 8 strong hydrogen bonds per molecule could 

be located, thus exhausting the molecules full ability for H-bonding, as shown in table 22. 

 

 

 

Figure 38.  Projection of the crystal structure of polymorph II of IDI along the a axis of the unit cell. 

 

 

 

Figure 39. ORTEP drawing of the 4 symmetry independent molecules, with the adopted atom-labelling scheme.  
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Table 22. Distances and angles of intermolecular hydrogen bonds in IDI crystal structures. a 

Hydrogen Bond    

D-H…A  D…A (Å)   D-H…A (o) 

Polymorph II      

N1(A)-H1(A)…N8(B)  2.783 (4)   169.8 

N6(A)-H6(A)…N3(B)     2.795 (5)   168.1 

N1(B)-H1(B)…N3(A)(i)  2.827 (4)   171.0 

N6(B)-H6(B)…N3(C)  2.813 (5)   169.7 

N1(C)-H1(C)…N3(D)(ii)  2.778 (5)   163.3 

N6(C)-H6(C)…N8(A)(ii)  2.806 (5)   170.7 

N1(D)-H1(D)…N8(D)(iii)  2.787 (5)   171.6 

N6(D)-H6(D)…N8(C)(iv)  2.781 (4)   167.9 

Polymorph I129      

N2-H2…S1(v)  3.227(3)   153.0 
a Symmetry codes: (i) 1+ x, ½ + z; (ii) x,y, 1+z; (iii) 1/2 + x,-y,z; (iv) 1+ x,y,z. (V) x, -y,z + ½.127 

 

 As it was referred above, in polymorph I, intermolecular N—H···S hydrogen bonds play an 

important role in structure stabilization, while polymorph II is mostly stabilized by the interaction between 

the NH groups as proton donors and the bare N atoms as acceptors.  The dihedral angles C-S-S-C (o) and 

S-S distances (Å) for both polymorphs are presented in table 23. The polymorph II S-S distance average 

value is 2.082 Å, longer than the value measured in polymorph I (2.071 Å). This suggest that the charge 

delocalization from imidazole rings to the S-S bond is more effective in the case of polymorph I.  

 

Table 23. Dihedral C-S-S-C angle and S-S distance in IDI crystal structures. 

  Diedral C-S-S-C (o)   S-S Distance (Å) 

Polymorph II      

C2(A)-S1(A)-S2(A)-C7(A)  100.77 (19)   2.079 

C2(B)-S1(B)-S2(B)-C7(B)     95.49 (18)   2.089 

C2(C)-S1(C)-S2(C)-C7(C)  77.81 (19)   2.082 

C2(D)-S1(D)-S2(D)-C7(D)  80.21 (19)   2.079 

Polymorph I128      

C2-S1-S2-C7  83.62 (19)   2.071 

 

Besides the rather large number of molecules in the unit cell of polymorph II (referred to as Z), 

the most interesting structural feature of the crystal is that the 4 symmetry independent molecules (Z’ = 

4) in the unit cell exhausted the set of possible conformers for the isolated IDI molecule (see figure 39). 

The simultaneous presence in a crystal of all possible conformational states of a given species is, in fact, 
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noteworthy. The topic of Z′ > 1 structures has been regarded as an attractive and challenging topic.127 The 

interest in crystal structures and crystallization processes related to this uncommon packing phenomena 

(Z’ > 1) have led to increase the research in this fields, mostly driven by the key relevance of understanding 

the properties of organic solid materials with high potential for drug development.127 Interestingly, there 

have been reported several cases where Z’ > 1 structures are more stable than Z = 1 polymorphs. This 

may be explained by the fact that high Z’ structures may offer more convenient orientations of molecules 

for intermolecular interactions (e.g., straighter and shorter – stronger – hydrogen bonds; see table 22). 

On the other hand, Z’ > 1 structures were found to exhibit most of times a lower density then Z = 1 

structures, which has led to the interpretation that high Z’ structures shall result from preassociated 

aggregates in solution and are in general less stable than the Z = 1 forms. It is also relevant to refer that 

Z’ > 1 structures are a consequence of molecular flexibility and in general require that both compact and 

extended conformers exist for a given molecule. The lowest energy conformers tend to be more compact 

due to intramolecular stabilization (e.g., intramolecular H-bonding). Extended conformers lack these 

intramolecular interactions, leading to a higher molecular surface area for the establishment of 

intermolecular interactions. The conformers present in the crystals represent a balance of intra and 

intermolecular interactions.  

In order to evaluate the balance of intra and intermolecular interactions that governs the 

formation of both polymorphs of the studied compound, and establish some energy-structure 

relationships, the optimized geometries and energies of the different conformers of IDI were determined 

at the DFT(B3LYP)/6-311++G(d,p) level of theory. The geometries of the 4 different symmetry-

independent molecules in the crystal of polymorph II were used as starting structures in the optimization 

process (figure 40).  

The optimized C and D structures of the compound (see figure 41) converge to the same geometry 

after optimization, which corresponds to the most stable conformation for the isolated IDI molecule, 

stabilized by an intramolecular interaction (conformation 3). Optimized A and B structures are higher in 

energy than the most stable form by 20.8 and 22.1 kJ mol-1 respectively (Table 24).  

 

 

 

 

 
 
 
 
 

Figure 40. The 4 symmetry independent molecules of polymorph II of IDI depicted along the S1-S2 bond. 

A B C D 
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Figure 41. IDI conformations obtained by quantum chemical calculations at DFT(B3LYP)/6-311++G(d,p) level of 
approximation. 

 
 

Table 24. DFT(B3LYP)/6-311++G(d,p) calculated relative energies values of the C-S-S-C 

dihedral angles for the optimized geometries of IDI starting from the 4 different 

geometries found in the studied crystal. 

IDI Conformations  Relative Energy  
 Dihedral C-S-S-C (o) 

1  22.1   78.4 

2  20.8   75.7 

3  0.0   84.3 

 

 

The lowest energy conformer of IDI (conformer 3) corresponds to the most closed and compact structure, 

as result of the strong intramolecular H-bond type interaction established between the unprotonated 

nitrogen of one of the imidazole rings and the NH fragment of the second imidazole ring of the molecule. 

Besides, in this conformation of the IDI molecule the number of positions available for establishing 

intermolecular H-bonds is reduced to half, when compared with the higher energy conformers 1 and 2. 

Then, to fulfill the 4 H-bond valences with intermolecular H-bonds in the crystal, conformer C/D has to 

break the intramolecular H-bond. This fact makes the energetic balance associated with the establishment 

of the intermolecular H-bonds less favorable for C/D than for both A and B forms, which require only 

minor structural rearrangements during aggregation. These facts led to the conclusion that the 

simultaneous observation of the 3 conformers of IDI in the polymorph II results from a compromise 

between the greater intrinsic stability of the isolated C/D form, and the more efficient in energetic terms 

packing achieved by the higher energy conformers A and B. 

As discussed above, the lowest energies conformers (predicted for the gas phase) of flexible 

molecules are not often the preferential structures adopted for packing arrangements. Higher energy 

conformers predicted for the gas phase may have a higher surface area that increases their potential to 

stablish intermolecular interactions and, consequently, may lead to more ordered, lower energy, 

1 2 3 
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molecular packings.  It is what occurs in the case of polymorph I, where the single selected conformer B 

has an ideal conformation to fulfil the H-bond valences of the atoms in the molecule. In this higher order 

crystal packing, the intermolecular interactions play the key role in stabilization, instead of the intrinsic 

stability promoted by the isolated C/D conformation in the case of polymorph II.  

As it was referred, the polymorph II of IDI, obtained by recrystallization from THF, was first 

identified by Raman microscopy. The Raman spectrum recorded at room temperature and the 6-

311++G(d,p) calculated spectrum of the less energetic conformer of IDI are presented in figure 42. The 

strong feature observed at 326.5 cm-1 is characteristic of the S-S) stretching vibration (see the spectrum 

of 2-MI presented above).   

Polymorph II of IDI was also analyzed by PLTM and DSC. According to the obtained results, an 

exothermic solid-solid transition occurs at T = (155 ± 02) oC, while at T = (189 ± 04) oC degradation of the 

resultant structure (figure 44) occurs. It is possible to see in the PLTM images (figure 43) morphological 

changes in the crystal due to these two processes. Although other investigations have to be performed 

on this compound to extract more precise conclusions, the results suggest that the less energetic 

polymorph I may be the form formed from polymorph II during the heating process. Thermal and 

spectroscopic investigations on these samples will continuing to be done in order to clarify this structure.   

 

 

 

Figure 42. (I) DFT(B3LYP)/6-311++G(d,p) Raman spectrum for the minimum energy configuration of IDI simulated 

using Lorentzian functions with fwhw of 5 cm-1. This spectrum is unscaled.  (II) Experimental Raman spectrum of IDI.  
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Figure 43. Polarized light thermal microscopy images collected along the IDI (polymorph II) heating from 25 ºC to 

200 ºC, = 10 ºC min-1, amplification 200x.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 44. DSC heating curve from 25 to 220 ºC, = 10 oC min-1 of polymorph II of IDI (m = 1.56 mg).
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Conclusion and Future Perspectives 

 

Calculations predicted the thione form as the most stable tautomer of the series of molecules 

studied in this project. It was concluded that intramolecular interactions of bond-dipole / bond-dipole 

type are the major cause determining the relative energies of the two tautomers of 2-MI and 1-M-2-MI, 

while the relative stabilization of the thione tautomer compared to the thiol form in 2-MBI and 1-M-2-

MBI (compared to 2-MI and 1-M-2-MI) is probably related predominantly with the relative importance of 

ring mesomerism. Another relevant conclusion extract from calculations is that the values of ∡N-H…S 

angles are considerably smaller than the ideal value for a typical proton donor/acceptor interaction (180o) 

and considerably smaller than the value generally accepted for the ∡ D–H…A angle (D, donor; A, acceptor).  

The comparison of the infrared spectra of the monomeric molecules isolated in argon matrices 

with the spectra calculated at DFT(B3YP)/6-311++G(d,p) level of approximation led to the conclusion that 

molecules exist exclusively in their thione forms.  

Upon in situ narrowband UV irradiation, the as-deposited thiones were partially converted into 

their thiols tautomeric forms. Irradiations were performed taking into account the experimental UV 

maximum absorption wavelengths of the compounds in ethanol solution and their calculated TD-DFT 

spectra. It was proved that than thione→thiol conversion is more efficient in the case of benzoderivatives 

and the asymmetry introduced by methyl group in 2-mercaptoimidazole and 2-mercaptobenzimidazole 

does not induce any significant change in the results. Also, the reverse photoreversibility of the process 

was proved for the benzosubstituted 2-mercaptoimidazoles by irradiation of the thione forms at λ = 246 

nm. This photoprocess show a greater efficiency than the thione→thiol conversion.  

The possibility of selectively convert each one of the tautomers of 2-MBI and 1-M-2-MBI into the 

other one using optical excitation at different wavelengths and their photostability make these molecules 

possible candidates to be exploited as UV-light-activated molecular switches for applications in several 

fields (e.g., materials science, supramolecular chemistry and drug design).   

The postulated mechanism for these reactions, which receive support from literature data on 

similar compounds, involves radical formation and subsequent hydrogen atom recombination. The 

observation of the proposed radical intermediate could not be done with certainty (but suggested for one 

of the compounds mentioned). Other experiments (e.g., EPR measurements) shall be undertaken in the 
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future to confirm the assumption here made and detect the radicals putatively involved in these 

photoreactions. Nevertheless, the proposed mechanism explains well the observed asymmetry in the 

efficiency of the thione→thiol vs thiol→thione processes.  

Other relevant conclusion taken from this work is that methimazole, a widely used antithyroid 

drug, can exist as two tautomeric forms. Since the action of methimazole involves a mechanism of 

molecular recognition that inhibits the thyroid hormone synthesis by the enzyme thyroperoxidase and 

since tautomers are different molecules, with different molecular shapes, which establish different non-

covalent interactions with molecular receptors, it would be noteworthy to perform other investigations 

to evaluate the molecular affinity between the two tautomers of methimazole and the target involved.  

 Besides phototautomerization, other processes occur during the UV irradiations. The 290 nm 

induced photolysis of 2-MI was found to occur with subsequent formation of ketenimine, thiocyanic acid 

and isolthiofulmic acid. These photoproducts probably result from simultaneous cleavage of two C-N 

bonds of the imidazole ring. The observed photochemistry of 1-M-2-MI is similar to the observed for 2-

MI, demonstrating that the presence of methyl group does not influence significantly the reactivity. On 

the other hand, the benzosubstituted molecules were found to exhibit greater stability for fragmentation, 

which is in part the reason for the greater efficiency observed in these molecules in relation to the 

tautomerization (when compared to 2-MI and 1-M-2-MI). Photoproducts resulting from photolysis of the 

compounds under study will be subject of investigations.  

In the solid state of 2-MI only the thione tautomer was observed. Polymorphism was not observed 

for this compound in spite of the attempts made to produce other crystalline forms. In the future, other 

recrystallization methods and the influence of pressure in polymorphism in these type of molecules can 

be exploited.  

2-[(1H-Imidazol-2-yl)disulfanyl]-1H-imidazole (IDI) was obtained from 2-mercaptoimidazole in an 

easy way by oxidation reaction of 2-MI to a disulfide dimer. This makes molecule a good candidate to act 

as a redox switch for several applications. The structure of the new synthetized polymorph of 2-[(1H-

Imidazol-2-yl)disulfanyl]-1H-imidazole was investigated in details. It is a high Z’ structure with four the 4 

symmetry independent molecules (Z’ = 4) in the unit cell and which exhausted the set of possible 

conformers for the isolated IDI molecule.  
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Appendix  

 

Table 25. Internal coordinates used in the 2-MI thione normal mode analysis.a 

          a The atom numbering is presented in figure 8. b Approximate description:   - stretching;  - in-plane-bending;  - out-of-plane 

bending;  - torsion. c i is the distance between atoms Aj and Aj; i,k,j and is the angle between vectors AiAj and AjAk; I,j,k,l is the 

dihedral angle between the plane defined by Ai, Aj, Ak and the plane defined by Aj, Ak, Al atoms; i,j,k,l the angle between the 

vector AiAk and the plane defined by atoms Aj,Ak,Al . The normalizations constants are not showed.  

Coordinate A. Description b Definition c 

S1 (NH)s 8,4 + 9,5 

S2 (NH)as 8,4 - 9,5 

S3 (C=S) 1,10

S4 (CH)s 7,3 + 2,6 

S5 (CH)as 7,3 - 2,6 

S6 (C=C) 7,2 

S7 (NC)s 8,1 + 9,1 

S8 (NC)as 8,1 - 9,1 

S9 (CN)s 8,7 + 9,2 

S10 (CN)as 8,7 - 9,2

S11 (NH)s 5,1,9 -5,2,9 + 4,1,8 - 4,7,8 

S12 (NH)as 5,1,9 -2,5,9 -4,1,8 + 4,7,8

S13 (C=S) 10,8,1- 10,9,1 

S14 (CH)s 6,9,2 -6,7,2 + 3,8,7 - 3,2,7 

S15 (CH)as 6,9,2 - 6,7,2 -3,8,7 + 3,2,7

S16 (ring)1 9,8,1 - 0.8097,1,8 - 0.8092,1,9 + 0.3092,8,7 + 0.3097,9,2 

S17 (ring)2 –1.1187,1,8 + 1.1182,1,9 + 1.8092,8,7 – 1.8097,9,2 

S18 ring)1 8,7,2,9 – 0.8092,7,8,1 – 0.8097,2,9,1 + 0.3097,8,1,9 + 0.3092,9,1,8 

S19 ring)2 1.1182,7,8,1 – 1.1187,2,9,1 – 1.8097,8,1,9 + 1.8092,9,1,8 

S20 (NH)s 5,9,2,1+ 4,8,7,1 

S21 (NH)as 5,9,2,1- 4,8,7,1 

S22 (C=S) 10,9,1,8 

S23 (CH)s 6,9,2,7+ 3,8,7,2 

S24 (CH)as 6,9,2,7- 3,8,7,2 
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Table 26. Internal coordinates used in the 2-MBI thione normal mode analysis.a 

a The atom numbering is presented in figure 11. b Approximate description:   - stretching;  - in-plane-bending;  - out-of-plane 

bending;  - torsion. c i is the distance between atoms Aj and Aj; i,k,j and is the angle between vectors AiAj and AjAk; I,j,k,l is the 

dihedral angle between the plane defined by Ai, Aj, Ak and the plane defined by Aj, Ak, Al atoms; i,j,k,l the angle between the vector 

AiAk and the plane defined by atoms Aj,Ak,Al . The normalizations constants are not showed. 

Coordinate      A. Description b Definition c 

S1 (NH)s 11,16 + 12,14 

S2 (NH)as 11,16 - 12,14 

S3 (C=S) 13,15  

S4 (NC)s 11,13 + 12,13 

S5 (NC)as 11,13 - 12,13 

S6 (CN)s 11,3 + 12,2 

S7 (CN)as 11,3 + 12,2 

S8 (CH)1 1,7 + 4,8 + 6,10 + 5,9

S9 (CH)2 1,7 + 4,8 - 6,10 - 5,9 

S10 (CH)3 1,7 - 4,8 + 6,10 - 5,9 

S11 (CH)4 1,7 - 4,8 - 6,10 + 5,9

S12 (CC)1 2,1 + 3,4 + 1,6 + 5,4 

S13 (CC)2 2,1 + 3,4 - 1,6 - 5,4

S14 (CC)3 2,1 - 3,4 + 1,6 - 5,4 

S15 (CC)4 2,1 - 3,4 - 1,6 + 5,4 

S16 (CC)5 2,3 

S17 (CC)6 6,5 

S18 (NH)s 14,13,12 -14,2,12 + 16,13,11 - 16,3,11 

S19 (NH)as 14,13,12 -14,2,12 -16,13,11 + 16,3,11

S20 (C=S) 15,11,13- 15,12,13 

S21 (ring1)1 12,11,13 - 0.8093,13,11 - 0.8092,13,12 + 0.3092,11,3 + 0.3093,12,2 

S22 (ring1)2 -1.1183,13,11 + 1.1182,13,12 + 1.8092,11,3 - 1.8093,12,2 

S23 CH)1 9,4,5 + 10,1,6 + 8,3,4 +7,2,1   

S24 CH)2 9,4,5 - 10,1,6 + 8,3,4 -7,2,1   

S25 CH)3 9,4,5 - 10,1,6 - 8,3,4 +7,2,1   

S26 CH)4 9,4,5 + 10,1,6 - 8,3,4 -7,2,1   

S27 ring2)1 4,2,3 -1,3,2 + 5,3,4 - 6,2,1 + 6,4,5 - 5,1,6 

S28 ring2)2 26,4,5 -5,3,4 - 4,2,3 + 21,3,2 - 6,2,1 - 5,1,6 

S29 ring2)3 5,3,4 + 4,2,3 - 6,2,1 - 5,1,6 

S30 ring1)1 11,3,2,12 - 0.8092,3,11,13 - 0.8093,2,12,13 + 0.3093,11,13,12 + 0.3092,12,13,11 

S31 ring1)2 1.1182,3,11,13 - 1.1183,2,12,13 - 1.8093,11,13,12 + 1.8092,12,13,11 

S32 ring2)1 - 4,5,6,1 + 4,3,2,1 - 5,4,3,2 + 5,6,1,2 - 6,1,2,3 + 6,5,4,3 

S33 ring2)2 24,5,6,1 - 6,5,4,3 - 5,6,1,2 + 24,3,2,1 - 5,4,3,2 - 6,1,2,3 

S34 ring2)3 6,5,4,3 - 5,6,1,2 + 6,1,2,3 - 6,5,4,3 

S35 Butterfly 11,3,2,1 - 12,2,3,4 

S36 (NH)s 14,2,12,13+ 16,3,11,13 

S37 (NH)as 14,2,12,13- 16,3,11,13 

S38 (C=S) 15,11,13,12 

S39 (CH)1 7,6,1,2+ 8,5,4,3 + 10,5,6,1+ 9,6,5,4 

S40 (CH)2 7,6,1,2- 8,5,4,3 + 10,5,6,1- 9,6,5,4 

S41 (CH)3 7,6,1,2- 8,5,4,3 - 10,5,6,1+ 9,6,5,4 

S42 (CH)4 7,6,1,2+ 8,5,4,3 - 10,5,6,1- 9,6,5,4 
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Table 27. Internal coordinates used in the 1-M-2-MI thione normal mode analysis.a 

a The atom numbering is presented in figure 14. b Approximate description:   - stretching;  - in-plane-bending;  - out-of-plane 

bending;  - torsion. c i is the distance between atoms Aj and Aj; i,k,j and is the angle between vectors AiAj and AjAk; I,j,k,l is the 

dihedral angle between the plane defined by Ai, Aj, Ak and the plane defined by Aj, Ak, Al atoms; i,j,k,l the angle between the vector 

AiAk and the plane defined by atoms Aj,Ak,Al . The normalizations constants are not showed. 

 

 

 

 

Coordinate A. Description b Definition c 

S1 (NH) 8,4 

S2 (NC)1 7,10

S3 (CH3)s 10,13 + 10,12 + 10,11

S4 (CH3)as’ 10,13 - 10,12 - 10,11

S5 (CH3)as" 10,12 - 10,11

S6 (C=S) 1,9

S7 (CH)1 6,3 

S8 (CH)2 2,5 

S9 (C=C) 2,6 

S10 (NC)2 8,1 

S11 (NC)3 7,1 

S12 (CN)1 7,6 

S13 (CN)2 8,2

S14 (NH) 4,1,8 -4,2,8 

S15 (NC) 10,1,7 -10,6,7 

S16 (CH3)s 13,12,10 +13,11,10 + 12,11,10 - 7,13,10 - 7,11,10 - 7,12,10

S17 (CH3)as’ 12,11,10 -13,12,10 - 13,11,10

S18 (CH3)as’ 7,13,10 -7,12,10 - 7,11,10

S19 (CH3)as" 13,12,10 - 13,11,10 

S20 (CH3)as" 7,12,10 - 7,11,10 

S21 (C=S) 9,8,1- 9,7,1 

S22 (CH)1 5,8,2 -5,6,2 

S23 (CH)2 3,7,6 - 3,2,6

S24 (ring)1 7,8,1 - 0.8092,1,8 - 0.8096,1,7 + 0.3096,8,2 + 0.3092,7,6 

S25 (ring)2 –1.1182,1,8 + 1.1186,1,7 + 1.8096,8,2 – 1.8092,7,6 

S26 CH3) 13,10,7,1 + 13,10,7,6 + 12,10,7,1 + 12,10,7,6 + 11,10,7,1 + 11,10,7,6 

S27 ring)1 8,2,6,7 – 0.8096,2,8,1 – 0.8092,6,7,1 + 0.3092,8,1,7 + 0.3096,7,1,8 

S28 ring)2 1.1186,2,8,1 – 1.1182,6,7,1 – 1.8092,8,1,7 + 1.8096,7,1,8 

S29 (NH) 4,2,8,1 

S30 (NC) 10,6,1,7 

S31 (C=S) 9,7,7,8 

S32 (CH)1 3,2,6,7 

S33 (CH)2 5,8,2,6 
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 Table 28. Internal coordinates used in the 1-M-2-MBI thione normal mode analysis.a 

a The atom numbering is presented in figure 17. b Approximate description:   - stretching;  - in-plane-bending;  - out-of-plane 

bending;  - torsion. c i is the distance between atoms Aj and Aj; i,k,j and is the angle between vectors AiAj and AjAk; I,j,k,l is the 

dihedral angle between the plane defined by Ai, Aj, Ak and the plane defined by Aj, Ak, Al atoms; i,j,k,l the angle between the vector 

AiAk and the plane defined by atoms Aj,Ak,Al . The normalizations constants are not showed. 

 

Coordinate A. Description b Definition c 

S1 (NH) 11,15  

S2 (NC)1 12,16

S3 (CH3)s 16,19 + 16,17 + 16-,18

S4 (CH3)as’ 16,19 - 16,17 - 16,18

S5 (CH3)as" 16,17 - 16,18

S6 (C=S) 13,14  

S7 (NC)2 12,13  

S8 (NC)3 11,13 

S9 (CN)1 12,2  

S10 (CN)2 11,3 
S11 (CH)1 1,7 + 4,8 + 6,10 + 5,9

S12 (CH)2 1,7 + 4,8 - 6,10 - 5,9 

S13 (CH)3 1,7 - 4,8 + 6,10 - 5,9 
S14 (CH)4 1,7 - 4,8 - 6,10 + 5,9

S15 (CC)1 2,1  
S16 (CC)2 3,4 

S17 (CC)3 1,6  

S18 (CC)4 5,4 

S19 (CC)5 2,3 

S20 (CC)6 6,5 

S21 (NH) 15,13,11 -15,3,11  
S22 (NC) 16,13,12 -16,2,12  

S23 (CH3)s 19,17,16 +19,18,16 + 17,18,16 - 12,19,16 - 12,18,16 - 12,17,16

S24 (CH3)as’ 17,18,16 -19,17,16 - 19,18,16 

S25 (CH3)as’ 12,19,16 -12,17,16 - 12,18,16

S26 (CH3)as" 19,17,16 - 19,18,16 

S27 (CH3)as" 12,17,16 - 12,18,16 

S28 (C=S) 14,12,13- 14,11,13 

S29 (ring1)1 12,11,13 - 0.8093,13,11 - 0.8092,13,12 + 0.3092,11,3 + 0.3093,12,2 

S30 (ring1)2 -1.1183,13,11 + 1.1182,13,12 + 1.8092,11,3 - 1.8093,12,2 

S31 CH)1 9,4,5 - 9,6,5  

S32 CH)2 10,1,6 - 10,5,6  
S33 CH)3 8,3,4 -8,5,4   

S34 CH)4 7,2,1 -7,6,1   

S35 ring2)1 4,2,3 -1,3,2 + 5,3,4 - 6,2,1 + 6,4,5 - 5,1,6 

S36 ring2)2 26,4,5 -5,3,4 - 4,2,3 + 21,3,2 - 6,2,1 - 5,1,6 

S37 ring2)3 5,3,4 - 4,2,3 + 6,2,1 - 5,1,6 

S38 CH3) 19,16,12,2 + 19,16,12,13 + 17,16,12,2 + 17,16,12,13 + 18,16,12,2 + 18,16,12,13 

S39 ring1)1 11,3,2,12 - 0.8092,3,11,13 - 0.8093,2,12,13 + 0.3093,11,13,12 + 0.3092,12,13,11 

S40 ring1)2 1.1182,3,11,13 - 1.1183,2,12,13 - 1.8093,11,13,12 + 1.8092,12,13,11 

S41 ring2)1 - 4,5,6,1 + 4,3,2,1 - 5,4,3,2 + 5,6,1,2 - 6,1,2,3 + 6,5,4,3 

S42 ring2)2 24,5,6,1 - 6,5,4,3 - 5,6,1,2 + 24,3,2,1 - 5,4,3,2 - 6,1,2,3 

S43 ring2)3 6,5,4,3 - 5,6,1,2 + 6,1,2,3 - 6,5,4,3 

S44 Butterfly 11,3,2,1 - 12,2,3,4 

S45 (NH) 15,3,11,13 

S46 (NC) 16,2,12,13 

S47 (C=S) 15,11,13,12 

S48 (CH)1 7,6,1,2+ 8,5,4,3 + 10,5,6,1+ 9,6,5,4 

S49 (CH)2 7,6,1,2- 8,5,4,3 + 10,5,6,1- 9,6,5,4 

S50 (CH)3 7,6,1,2- 8,5,4,3 - 10,5,6,1+ 9,6,5,4 

S51 (CH)4 7,6,1,2+ 8,5,4,3 - 10,5,6,1- 9,6,5,4 
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 Table 29. Internal coordinates used in the 2-MI thiol normal mode analysis. a 

a The atom numbering is presented in figure 8. b Approximate description:   - stretching;  - in-plane-bending;  - out-of-plane 

bending;  - torsion. c i is the distance between atoms Aj and Aj; i,k,j and is the angle between vectors AiAj and AjAk; I,j,k,l is the 

dihedral angle between the plane defined by Ai, Aj, Ak and the plane defined by Aj, Ak, Al atoms; i,j,k,l the angle between the vector 

AiAk and the plane defined by atoms Aj,Ak,Al . The normalizations constants are not showed. 

 
 
 

 

 

 

 

 

Coordinate A. Description b Definition c 

S1 (NH) 3,7 

S2 (CS) 

S3 (SH) 1,8

S4 (CH)1 4,10  

S5 (CH)2 5,9 

S6 (C=C) 4,5  

S7 (CN)1 4,3 

S8 (CN)2 5,6 

S9 (NC)1 3,2  

S10 (NC)2 6,2 

S11 (NH) 7,2,3 -7,4,3 

S12 (CS) 1,6,2 -1,3,2  

S13 (SH) 8,2,1 

S14 (CH)1 10,3,4 -10,5,4  

S15 (CH)2 9,6,5 - 9,4,5

S16 (ring)1 3,6,2 - 0.8095,2,6 - 0.8094,2,3 + 0.3094,6,5 + 0.3095,3,4 

S17 (ring)2 –1.1185,2,6 + 1.1184,2,3 + 1.8094,6,5 – 1.8095,3,4 

S18 ring)1 6,5,4,3 – 0.8094,5,6,2 – 0.8095,4,3,2 + 0.3095,6,2,3 + 0.3094,3,2,6 

S19 ring)2 1.1184,5,6,2 – 1.1185,4,3,2 – 1.8095,6,2,3 + 1.8094,3,2,6 

S20 (SH) 8,1,2,6 + 8,1,2,3 

S21 (NH) 7,4,3,2 

S22 (CS) 1,3,2,6 

S23 (CH)1 10,3,4,5 

S24 (CH)2 9,4,5,6 
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Table 30. Internal coordinates used in the 2-MBI thiol normal mode analysis.a 

a The atom numbering is presented in figure 11. b Approximate description:   - stretching;  - in-plane-bending;  - out-of-plane 

bending;  - torsion. c i is the distance between atoms Aj and Aj; i,k,j and is the angle between vectors AiAj and AjAk; I,j,k,l is the 

dihedral angle between the plane defined by Ai, Aj, Ak and the plane defined by Aj, Ak, Al atoms; i,j,k,l the angle between the vector 

AiAk and the plane defined by atoms Aj,Ak,Al . The normalizations constants are not showed. 

Coordinate A. Description b Definition c 

S1 (NH) 12,14 

S2 (CS) 13,15  

S3 (SH) 15,16  

S4 (NC)1 11,13  

S5 (NC)2 12,13 

S6 (CN)3 12,2 

S7 (CN)4 11,3 

S8 (CH)1 1,7 + 4,8 + 6,10 + 5,9

S9 (CH)2 1,7 - 4,8 + 6,10 + 5,9 

S10 (CH)3 1,7 + 4,8 - 6,10 - 5,9 

S11 (CH)4 -1,7 + 4,8 - 6,10 + 5,9

S12 (CC)1 2,1  

S13 (CC)2 3,4 

S14 (CC)3 1,6  

S15 (CC)4 5,4 

S16 (CC)5 2,3  

S17 (CC)6 6,5 

S18 (NH) 14,13,12 -14,2,12 

S19 (CS) 15,11,13 -15,12,13  

S20 (SH) 16,13,15 

S21 (ring1)1 12,11,13 - 0.8093,13,11 - 0.8092,13,12 + 0.3092,11,3 + 0.3093,12,2 

S22 (ring1)2 -1.1183,13,11 + 1.1182,13,12 + 1.8092,11,3 - 1.8093,12,2 

S23 CH)1 9,4,5 - 9,6,5 

S24 CH)2 10,1,6 - 10,5,6 

S25 CH)3 8,3,4 - 8,5,4     

S26 CH)4 7,2,1 - 7,6,1    

S27 ring2)1 4,2,3 -1,3,2 + 5,3,4 - 6,2,1 + 6,4,5 - 5,1,6 

S28 ring2)2 26,4,5 -5,3,4 - 4,2,3 + 21,3,2 - 6,2,1 - 5,1,6 

S29 ring2)3 5,3,4 + 4,2,3 - 6,2,1 - 5,1,6 

S30 ring1)1 11,3,2,12 - 0.8092,3,11,13 - 0.8093,2,12,13 + 0.3093,11,13,12 + 0.3092,12,13,11 

S31 ring1)2 1.1182,3,11,13 - 1.1183,2,12,13 - 1.8093,11,13,12 + 1.8092,12,13,11 

S32 ring2)1 - 4,5,6,1 + 4,3,2,1 - 5,4,3,2 + 5,6,1,2 - 6,1,2,3 + 6,5,4,3 

S33 ring2)2 24,5,6,1 - 6,5,4,3 - 5,6,1,2 + 24,3,2,1 - 5,4,3,2 - 6,1,2,3 

S34 ring2)3 6,5,4,3 - 5,6,1,2 + 6,1,2,3 - 6,5,4,3 

S35 Butterfly 11,3,2,1 - 12,2,3,4 

S36 (SH) 16,15,13,11 + 16,15,13,12 

S37 (NH) 14,2,12,13 

S38 (CS) 15,11,13,12 

S39 (CH)1 7,6,1,2 + 8,5,4,3 + 10,5,6,1 + 9,6,5,4 

S40 (CH)2 7,6,1,2 - 8,5,4,3 + 10,5,6,1 - 9,6,5,4  

S41 (CH)3 7,6,1,2 - 8,5,4,3 - 10,5,6,1 + 9,6,5,4 

S42 (CH)4 7,6,1,2 + 8,5,4,3 - 10,5,6,1 - 9,6,5,4 
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Table 31. Internal coordinates used in the 1-M-2-MI thiol normal mode analysis.a 

Coordinate A. Description b Definition c 

S1 (NC)1 3,10

S2 (CH3)s 10,11 + 10,13 + 10,12

S3 (CH3)as’ 10,11 - 10,13 - 10,12 

S4 (CH3)as" 10,11 - 10,12

S5 (CS) 2,1

S6 SH 1,7

S7 (CH)1 4,9  

S8 (CH)2 5,8 

S9 (C=C) 4,5 

S10 (NC)2 3,2  

S11 (NC)3 6,2  

S12 (CN)1 3,4 

S13 (CN)2 6,5 

S14 (NC) 10,2,3 -10,4,3  

S15 (CH3)s 11,13,10 +11,12,10 + 13,12,10 - 3,11,10 - 3,12,10 - 3,13,10

S16 (CH3)as’ 13,12,10 -11,13,10 - 11,12,10 

S17 (CH3)as’ 3,11,10 -3,13,10 - 3,12,10

S18 (CH3)as" 11,13,10 - 11,12,10 

S19 (CH3)as" 3,13,10 - 3,12,10 

S20 (CS) 1,6,2- 1,3,2 

S21 (SH) 7,2,1 

S22 (CH)1 8,6,5 -8,4,5  

S23 (CH)2 9,3,4 - 9,5,4 

S24 (ring)1 3,6,2 - 0.8095,2,6 - 0.8094,2,3 + 0.3094,6,5 + 0.3095,3,4 

S25 (ring)2 –1.1185,2,6 + 1.1184,2,3 + 1.8094,6,5 – 1.8095,3,4 

S26 CH3) 11,10,3,2 + 11,10,3,4 + 13,10,3,2 + 13,10,3,4 + 12,10,3,2 + 12,10,3,4 

S27 ring)1 6,5,4,3 – 0.8094,5,6,2 – 0.8095,4,3,2 + 0.3095,6,2,3 + 0.3094,3,2,6 

S28 ring)2 1.1184,5,6,2 – 1.1185,4,3,2 – 1.8095,6,2,3 + 1.8094,3,2,6 

S29 SH) 7,1,2,3 + 7,1,2,6 

S30 (NC) 10,4,3,2 

S31 (CS) 1,3,2,6 

S32 (CH)1 9,5,4,3 

S33 (CH)2 8,4,5,6 
a The atom numbering is presented in figure 14. b Approximate description:   - stretching;  - in-plane-bending;  - out-of-plane 

bending;  - torsion. c i is the distance between atoms Aj and Aj; i,k,j and is the angle between vectors AiAj and AjAk; I,j,k,l is the 

dihedral angle between the plane defined by Ai, Aj, Ak and the plane defined by Aj, Ak, Al atoms; i,j,k,l the angle between the vector 

AiAk and the plane defined by atoms Aj,Ak,Al . The normalizations constants are not showed. 
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Table 32. Internal coordinates used in the 1-M-2-MBI thiol normal mode analysis.a 

Coordinate A. Description b Definition c 

S1 (NC)1 12,16

S2 (CH3)s 16,18 + 16,19 + 16,17

S3 (CH3)as’ 16,18 - 16,19 - 16,17

S4 (CH3)as" 16,19 - 16,17

S5 (CS) 13,14  

S6 (SH) 14,15

S7 (NC)2 12,13  

S8 (NC)3 11,13 

S9 (CN)1 12,2  

S10 (CN)2 11,3 

S11 (CH)1 1,7 + 4,8 + 6,10 + 5,9

S12 (CH)2 1,7 - 4,8 - 6,10 + 5,9 

S13 (CH)3 1,7 + 4,8 - 6,10 - 5,9 
S14 (CH)4 -1,7 + 4,8 - 6,10 + 5,9

S15 (CC)1 2,1  
S16 (CC)2 3,4 

S17 (CC)3 1,6  

S18 (CC)4 5,4 

S19 (CC)5 2,3 

S20 (CC)6 6,5 

S21 (NC) 16,13,12 -16,2,12  

S22 (CH3)s 18,19,16 +18,17,16 + 19,17,16 - 12,18,16 - 12,17,16 - 12,19,16

S23 (CH3)as’ 19,17,16 -18,19,16 - 18,17,16 

S24 (CH3)as’ 12,18,16 -12,19,16 - 12,17,16

S25 (CH3)as" 18,19,16 - 18,17,16 

S26 (CH3)as" 12,19,16 - 12,17,16 

S27 (CS) 14,12,13- 14,11,13 

S28 (SH) 15,13,14 

S29 (ring1)1 12,11,13 - 0.8093,13,11 - 0.8092,13,12 + 0.3092,11,3 + 0.3093,12,2 

S30 (ring1)2 -1.1183,13,11 + 1.1182,13,12 + 1.8092,11,3 - 1.8093,12,2 

S31 CH)1 9,4,5 - 9,6,5  

S32 CH)2 10,1,6 - 10,5,6  

S33 CH)3 8,3,4 -8,5,4   
S34 CH)4 7,2,1 -7,6,1   

S35 ring2)1 4,2,3 -1,3,2 + 5,3,4 - 6,2,1 + 6,4,5 - 5,1,6 

S36 ring2)2 26,4,5 -5,3,4 - 4,2,3 + 21,3,2 - 6,2,1 - 5,1,6 

S37 ring2)3 5,3,4 - 4,2,3 + 6,2,1 - 5,1,6 

S38 CH3) 18,16,12,2 + 18,16,12,13 + 19,16,12,2 + 19,16,12,13 + 17,16,12,2 + 17,16,12,13 

S39 ring1)1 11,3,2,12 - 0.8092,3,11,13 - 0.8093,2,12,13 + 0.3093,11,13,12 + 0.3092,12,13,11 

S40 ring1)2 1.1182,3,11,13 - 1.1183,2,12,13 - 1.8093,11,13,12 + 1.8092,12,13,11 

S41 ring2)1 - 4,5,6,1 + 4,3,2,1 - 5,4,3,2 + 5,6,1,2 - 6,1,2,3 + 6,5,4,3 

S42 ring2)2 24,5,6,1 - 6,5,4,3 - 5,6,1,2 + 24,3,2,1 - 5,4,3,2 - 6,1,2,3 

S43 ring2)3 6,5,4,3 - 5,6,1,2 + 6,1,2,3 - 6,5,4,3 

S44 Butterfly 11,3,2,1 - 12,2,3,4 

S45 (SH)  15,14,13,12 + 15,14,13,11 

S46 (NC) 16,2,12,13 

S47 (CS) 14,11,13,12 

S48 (CH)1 7,6,1,2+ 8,5,4,3 + 10,5,6,1+ 9,6,5,4 

S49 (CH)2 7,6,1,2- 8,5,4,3 + 10,5,6,1- 9,6,5,4 

S50 (CH)3 7,6,1,2- 8,5,4,3 - 10,5,6,1+ 9,6,5,4 

S51 (CH)4 7,6,1,2+ 8,5,4,3 - 10,5,6,1- 9,6,5,4 
a The atom numbering is presented in figure 17. b Approximate description:   - stretching;  - in-plane-bending;  - out-of-plane 

bending;  - torsion. c i is the distance between atoms Aj and Aj; i,k,j and is the angle between vectors AiAj and AjAk; I,j,k,l is the 

dihedral angle between the plane defined by Ai, Aj, Ak and the plane defined by Aj, Ak, Al atoms; i,j,k,l the angle between the vector 

AiAk and the plane defined by atoms Aj,Ak,Al . The normalizations constants are not showed. 
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