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      In this work, we studied the reactivity of the 4-isothiazolin-3-one and 2-methyl-4-isothiazolin-3-one molecules with dibromine and 

sulfuryl chloride using the DFT method with 6-311G(d,p) basis set and a descriptor of regio-selectivity called Fukui indices. The results 

showed that the attack of dibromine and sulfuryl chloride occurred preferentially at the C2=C3 bond of 4-isothiazoline-3-one and 2-methyl-

4-isothiazoline-3-one. In addition, the 4-isothiazolin-3-one/SO2Cl2 and 2-methyl-4-isothiazolin-3-one/SO2Cl2 reactions were more 

kinetically favorable than the 4-isothiazolin-3-one/Br2 and 2-methyl- 4-isothiazolin-3-one/Br2 reactions. The differences in electrophilic 

index (Δω) of {Br2, SO2Cl2} and 4-isothiazolin-3-one, or {Br2, SO2Cl2} and 2-methyl-4-isothiazolin-3-one were from 3.430649 eV to 

3.611297 eV. This shows that all the studied reactions had a polar character (Δω > 1). 
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INTRODUCTION 
 

      Heterocyclic compounds are widely used in new 

agrochemical research and development [1-5]. 

Isothiazolinones are heterocyclic compounds characterized 

by an aromatic nitrogen and sulfur ring, with structural 

similarities and differences among isothiazolinone 

derivatives [6]. 

      Until 1990s, isothiazole derivatives such as 

methylisothiazolinone (MI) was only used as a preservative 

in cosmetics, at a concentration of 15 ppm in Europe, with a 

contact sensitization rate of around 2% with a stable trend. 

After 2000s, MI was introduced as a preservative in non-

cosmetic chemicals like paint, inks, lacquers, varnishes, and 

coolant [7,8]. 

      In dermatology, the frequency of sensitization to MI              

was  constantly  around  2.1%  from  1998 to 2009.  Then,  it  
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increased to 3.9% in 2011, in parallel with an increase in the 

frequency of allergic reactions to MI in the series of 

preservatives from 1.9% in 2009 to 4.4% in 2011. MI is 

increasingly used as a preservative in skin care products in 

recent years [9]. Research showed that MI was an effective 

antifungal agent against infectious members of the genus 

Saprolegnia [10]. 

      The aim of our work is to study the reactivity of 4-

isothiazolin-3-one and 2-methyl-4-isothiazolin-3-one with 

dibromine and sulfuryl chloride (Fig. 1) using a descriptor of 

the local reactivity such as fukui indices. 

      First, we calculated the global reactivity parameters to 

predict the electrophilic/nucleophilic character of each 

molecule. To evaluate the most reactive sites for each 

molecule, we used molecular electrostatic potential as well as 

local reactivity parameters using two local reactivity 

calculation methods such as Hirshfeld indices and Merz-

Kollman indices. 

      The redistribution of electron density (ED) in various 

bonding   and  antibonding  orbitals  and  E(2)  energies  were  
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calculated using of natural bond orbitals (NBO) analysis and 

DFT method. This gave clear evidence of stabilization from 

hyper conjugation of various intra-molecular interactions. 

      The calculation of the maximum absorption wavelengths 

and the NMR spectra for each molecule were carried out and 

compared with the experimental results obtained by Lewis         

et al. [11]. 

      Quantum calculations were performed using Gaussian 

09W software [12], which is recognized for its advanced 

capabilities in electronic modeling of chemical structures. 

The DFT method was chosen, which is the most relevant 

method in quantum chemistry and allows the study of the 

electronic structure in an exact way. The 6-311G(d,p) basis 

set [13,14] was used, which gives more precise results. 

 
CALCULATION METHODS 
 

      Quantum chemistry is an indispensable tool for 

experimentation. It has become a very useful tool in the study 

and understanding of the stereo-selectivity of concerted 

reactions. Quantum methods are used to solve the problems 

of chemical structures and their reactivity. Among the 

commonly used methods in quantum computing, we selected 

the DFT method. This method provides important 

information on the stability of the molecular structure and 

reactivity [15-19].    

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

      In order to highlight the electrophilic and nucleophilic 

character of the molecules, we calculated the chemical 

electron potential and global hardness. 

      The chemical potential (μ) is the negative 

electronegativity (χ) and is the derivative of total energy 

relative to the number of electrons (N) at constant external 

potential, and is given by the below equation [20]: 

     

      𝜇 =
𝐸ுைெை + 𝐸௅௎ெை

2
 

 

      Where I and A are the ionization potential and electronic 

affinity, and EHOMO and ELUMO are the molecular orbital 

energies of the boundary. 

      The hardness (η) is the corresponding second derivative 

defined as follows [21]:    

   

      η= E୐୙୑୓ − Eୌ୓୑୓ 

 

      The electrophilic index is defined by Parr et al. [22-25] 

as energy decreased due to the maximum electron flow 

between a donor and an acceptor. They defined the 

electrophilic index as follows: 

 

      ω =
ஜమ
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Fig. 1. Geometric structures of the studied molecules. 
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      In addition, the maximum number of electrons that an 

electrophilic compound may acquire is given by the below 

expression [22,26]: 

 

      ∆N୫ୟ୶ =
−μ

η
 

 

      According to Domingo et al. [27-29], the global index of 

nucleophilia, N, is defined by the following formula: 

 
      N = Eୌ୓୑୓(୒୳) − Eୌ୓୑୓(୘େ୉) 

 
      Here,  Eୌ୓୑୓(୒୳) is the HOMO energy within the Kohn-

Sham scheme [30-32] and Eୌ୓୑୓(୘େ୉) is the HOMO energy 

of (TCE) which is taken as a reference with the value of                     

-9.3686 eV.  

      Local electrophilia (ω+) and local nucleophilia (N-) at the 

atomic site k can be defined according to the condensed 

functions of Fukui, f+ and f-. 

 

      𝜔ା = 𝜔 × 𝑓ା     

   

      𝑁ି = 𝑁 × 𝑓ି  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

      The condensed Fukui functions at the atomic site, for the 

nucleophilic attack (𝑓ା) and for the electrophilic attack (𝑓ି), 

can be written in terms of the respective population q(N) of 

the N-electronic system of the atomic site [33,34]. 

       

      𝑓௞
ା = 𝑞௞(𝑁 + 1) − 𝑞௞(𝑁)    

       

      𝑓௞
ି = 𝑞௞(𝑁) − 𝑞௞(𝑁 − 1)  

 
RESULTS AND DISCUSSIONS 
 

Geometry and Optimized Structures of the Studied 
Molecules 
      The geometries of the optimized structures, obtained 

using the DFT method, are shown in Fig. 2. 

 
Prediction of Electrophilic/nucleophilic Character 
of Reagents 
      The calculated values of the global reactivity                

indices, namely the electronic chemical potential μ,                

the global hardness η, the global electrophilicity,  the  global 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

                                            
           4-Isothiazolin-3-one                                                                    2-Methyl-4-isothiazolin-3-one 

 

                                               
                              Br2                                                                                               SO2Cl2 

Fig. 2. Optimized structures of the studied molecules. 
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nucleophilicity N, the softness, the gap energy, and the 

electronic affinity for the four molecules are shown in       

Table 1. 

      In the case of reaction (1) between 4-isothiazolin-3-one 

and Br2 and SO2Cl2, the electronic chemical potential of 4-

isothiazolin-3-one (μ = -3.74884 eV) was greater than that of 

Br2 (μ = -6.06356 eV) and SO2Cl2 (μ = -4.4435878 eV); this 

indicates that the transfer of electrons took place from 4-

isothiazolin-3-one toward Br2 and SO2Cl2. On the other hand, 

the overall electrophilic index of 4-isothiazolin-3-one               

(ω = 1.370150 eV) was lower than that of the reagents SO2Cl2 

(ω = 4.720791 eV) and Br2 (ω = 4.901439 eV); therefore, the 

Br2 and SO2Cl2 reactants behave as an electrophile, while         

4-isothiazolin-3-one behaves as a nucleophile. The same 

result was obtained for reaction (2) between 2-methyl-4-

isothiazolin-3-one and the Br 2 and SO2Cl2 reagents. 

      Moreover, ΔNmax, which represents the maximum 

charge ratio that can be acquired by a system from its 

environment, was maximum for Br2 (1.61668 eV) and SO2Cl2 

(1.32362 eV), and it was minimum for the 4-isothiazolin-3-

one (0.73097 eV) and 2-methyl-4-isothiazolin-3-one 

(0.71495 eV). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

      In order to show the donor (nucleophilic) or acceptor  

(electrophilic) character of the reagents and the polar 

character of the reactions, we calculated the HOMO/LUMO 

energy differences of the reagents and the differences in 

electrophilicity (Table 2). 

      The calculated values of the electrophilic differences 

varied from 3.430649 eV to 3.611297 eV, showing that all 

the studied reactions had a polar character, because (Δω > 1) 

is greater than 1 (Table 2) [35]. 

      The energy difference corresponding to the 

HOMO(SO2Cl2)/LUMO(4-isothiazolin-3-one) combination 

was greater than that corresponding to the HOMO(4-

isothiazolin-3-one)/LUMO(SO2Cl2), which shows that              

4-isothiazolin-3-one behaves as an acceptor and SO2Cl2 as a 

donor, similar to the results for the other reactions. 

 
Prediction of the Local Reactivity of Reagents 
      The indices of local electrophilicity and local 

nucleophilicity are the best descriptors for the prediction of 

the reactivity and regioselectivity of molecules for formation 

of a chemical bond. It takes place between the most 

electrophilic site (characterized by the greatest  value of  w+)  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Table 1. Electronic Properties of the Studied Molecules 

 

Molecule HOMO 

 (eV) 

LUMO 

 (eV) 

µ  

(eV) 

𝜂  

(eV) 

ω 

 (eV) 

Egap  

(eV) 

N 

(eV) 

𝜟Nmax 

4-Isothiazolin-3-one -6.31312 -1.18456 -3.74884 5.12856 1.370150 5.12856 3.055448 0.73097 

2-methyl-4-

isothiazolin-3-one 

-6.134416 -1.083648 -3.609032 5.047936 1.290142 5.047936 3.234184 0.71495 

SO2Cl2 -9.832693 -4.4435878 -7.133140 5.389105 4.720791 5.389105 -0.464093 1.32362 

Br2 -7.938864 -4.188256 -6.06356 3.750608 4.901439 3.750608 1.429736 1.61668 

 
 

    Table 2. Difference between the Two Possible Combinations HOMO/LUMO and Δω 

 

Reaction Reagent ห𝑬𝑯𝑶𝑴𝑶
𝑺𝑶𝟐𝑪𝒍𝟐/𝑩𝒓𝟐

− 𝑬𝑳𝑼𝑴𝑶
𝒎𝒐𝒍é𝒄𝒖𝒍𝒆ห 

ห𝑬𝑯𝑶𝑴𝑶
𝒎𝒐𝒍é𝒄𝒖𝒍𝒆 

− 𝑬𝑳𝑼𝑴𝑶
𝑺𝑶𝟐𝑪𝒍𝟐/𝑩𝒓𝟐ห 

Δω 

(eV) 

1 4-Isothiazolin-3-

one 

SO2CL2 8.648133 1.8695322 3.35776 

2 Br2 6.754304 2.124864 3.531589 

3 2-Methyl-4-

isothiazolin-3-one 

SO2CL2 8.749045 1.6908282 3.430649 

4 Br2 6.855216 1.94616 3.611297 
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of the electrophilic molecule and the most nucleophilic site 

(characterized by the greatest value of N-) of the nucleophilic 

molecule. 

      The    values    of    local    electrophilicity    and     local  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

nucleophilicity of the atoms of the 4-isothiazolin-3-one, 2-

methyl-4-isothiazolin-3-one, SO2Cl2, and Br2 calculated with 

the indices of Fukui are given in the Tables 3 and 4. 

      Tables 3 and 4 show the local nucleophilicity indices (N−)  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 3. Local Electrophilic and Nucleophilic Power of the Atoms of 4-Isothiazolin-3-one and SO2Cl2, and Br2 Obtained by  
a Calculation of the Fukui Indices 
 

Molecule Atom Hirshfeld index Kollman index 

f+ f- w+ N- f+ f- w+ N- 

4-
Isothiazolin-
3-one 

1  C 0.06172 0.086474 0.111575 0.225598 0.237157 0.233396 0.324941 0.713129 

2  C 0.151696 0.204492 0.274231 0.53349 0.233423 0.248979 0.319825 0.760742 

3  C 0.108218 0.248399 0.195633 0.648037 0.219682 0.268655 0.300997 0.820861 

4  S 0.337522 0.231683 0.61016 0.604428 0.26892 0.222665 0.368461 0.680341 

6  N 0.137372 0.106816 0.248336 0.278668 0.252237 0.224848 0.345603 0.687011 

7  O 0.203459 0.12213 0.367806 0.31862 0.265618 0.222111 0.363937 0.678649 

SO2CL2 1  S 0.05641 0.146526 0.303999 -0.068 0.22153 0.295447 1.045797 -0.13711 

2  O 0.107688 0.118769 0.580342 -0.05512 0.224774 0.234253 1.061111 -0.10872 

3  O 0.107688 0.118769 0.580342 -0.05512 0.224774 0.234253 1.061111 -0.10872 

4  Cl 0.364107 0.307971 1.962211 -0.14293 0.275103 0.254409 1.298704 -0.11807 

5  Cl 0.364107 0.307971 1.962211 -0.14293 0.275103 0.254409 1.298704 -0.11807 

Br2 1  Br 0.500003 0.500003 2.450734 0.714872 0.301953 0.285816 1.480004 0.408641 

 
 
Table 4. Local Electrophilic  and  Nucleophilic  Power of the Atoms of 2-Methyl-4-isothiazolin-3-one and SO2Cl2, and Br2  

Obtained by a Calculation of the Fukui Indices 
 
Molecule Atom Hirshfeld index Kollman index 

f+ f- w+ N- f+ f- w+ N- 

2-Methyl-4-
isothiazolin-
3-one 

1  C 0.058017 0.079514 0.07485 0.257163 0.230388 0.225347 0.297233 0.728813 

2  C 0.132404 0.197816 0.17082 0.639773 0.220456 0.241968 0.284419 0.782569 

3  C 0.099561 0.240609 0.128448 0.778174 0.208116 0.261071 0.268499 0.844351 

4  S 0.297543 0.212599 0.383873 0.687584 0.252796 0.2152 0.326142 0.69599 

5  N 0.085356 0.042819 0.110121 0.138485 0.249675 0.216317 0.32211 0.699608 

6  O 0.196525 0.112255 0.253545 0.363053 0.260407 0.215128 0.335962 0.695763 

9  C 0.130569 0.114339 0.168453 0.369793 0.183936 0.164391 0.237303 0.531670 

SO2CL2 1  S 0.05641 0.146526 0.303999 -0.068 0.22153 0.295447 1.045797 -0.13711 

2  O 0.107688 0.118769 0.580342 -0.05512 0.224774 0.234253 1.061111 -0.10872 

3  O 0.107688 0.118769 0.580342 -0.05512 0.224774 0.234253 1.061111 -0.10872 

4  Cl 0.364107 0.307971 1.962211 -0.14293 0.275103 0.254409 1.298704 -0.11807 

5  Cl 0.364107 0.307971 1.962211 -0.14293 0.275103 0.254409 1.298704 -0.11807 

Br2 1  Br 0.500003 0.500003 2.450734 0.714872 0.301953 0.285816 1.480004 0.408641 
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for the reactive atoms of the 4-isothiazolin-3-one and 2-

methyl-4-isothiazolin-3-one molecules, respectively. They 

also show the local electrophilicity indices (w+) for the 

reactive atoms of SO2Cl2 and Br2 calculated by the Fukui 

indices using DFT. 

      In the case of reaction between the 4-isothiazolin-3-one 

and SO2Cl2, the most favored interaction took place between 

the C2 and C3 atoms of 4-isothiazolin-3-one (having the 

highest value of N-) and the two Cl4 and Cl5 atoms of SO2Cl2 

(with the highest value of w+). For the case of the reaction 

between 4-isothiazolin-3-one and Br2, the most favored 

interaction took place between the C3 atoms of 4-isothiazolin-

3-one and the Br atom of Br2 (with the highest value of w+, 

Table 3). 

      Table 4 shows that for the reaction 3, the most favored 

interaction occurred between the C2 and C3 atoms of 2-

methyl-4-isothiazolin-3-one and Cl4 and Cl5 of SO2Cl2, and 

between the C3 atom of 2-methyl-4-isothiazolin-3-one and 

the Br atom of the Br2 molecule. 
      The formation of the C3-Cl, C2-Cl and C3-Br bonds of the 

four reactions has been observed experimentally [11]. 

 
Molecular Electrostatic Potential 
      Molecular electrostatic potential (MEP) gives detailed 

information for studying the chemical reactivity and 

biological activity of a compound. The spatial distribution 

and values of electrostatic potential determine the attack of 

an electrophile or a nucleophile site as a primary event of             

a chemical reaction. Moreover, the three-dimensional 

distribution of electrostatic potential is largely responsible for 

the binding of a substrate to the active site of a receptor [36]. 

Molecular electrostatic potential (MEP) is primarily used as 

a reactivity map, showing the zones most susceptible to 

electrophilic attack from charged point reactants on organic 

molecules. This is very important in molecular modeling 

studies. The MEP contour provides a map that offers a simple 

tool to predict how different geometries may interact. 

      The total electron density and the MEP surface of                             

the studied molecules were examined using B3LYP/                                       

6-311G(d,p) method. The electrostatic potential maps and the 

contour electrostatic potential of Br2, SO2Cl2, 4-isothiazolin-

3-one, and 2-methyl-4-isothiazolin-3-one are shown in                

Fig. 3. 

      The values  of  the  electrostatic  potential  at  the  MESP 

 

 

surface are represented by different colors (Fig. 3); red 

represents zones with the most electronegative electrostatic 

potential; rich in electrons (partially negative charge), blue 

represents the zones with the most positive electrostatic 

potential (zone slightly deficient in electrons), and the green 

represents the zones with zero potential [37]. 

      From the analysis of Fig. 3, we found that the chlorine 

atoms, the bromine atoms, and the hydrogen atoms of the Br2, 

SO2Cl2, 4-isothiazoline-3-one and 2-methyl-4-isothiazoline -

3-one molecules were located in the zone of positive 

electrostatic potential indicated by the blue color; therefore, 

these are the most electrophilic sites and these carbon bonds 

can be considered as possible sites undergoing the 

nucleophilic attack.                           

 

Analysis of the Potential Energy Surface 
      According to the transition state theory, the transition 

from reactants (initial state) to products (final state) requires 

passing through a transition state. 

      Table 5 shows the energies of the final molecules and the 

reactants, the energies (E*) of the transition states TS1, TS2, 

TS3 and TS4, and the activation energy (Ea) corresponding to 

the formation of the desired molecules. 

      It should be noted that the activation energies 

corresponding to the transition states of reactions 1 and 3 

were lower than those corresponding to transition states 2 and 

4, which shows that reactions 1 and 3 are more kinetically 

favored than the reactions 2, 4 (Fig. 4). 

      The four transition state structures involved in the four 

reactions and optimized by the DFT B3LYP/6-311G (d, p) 

are shown in Fig 5.             
      In Fig. 4, the lengths of the formed C3-Cl8 and C2-Cl9 

(2.508 Å) bonds in the transition state structures TS1 and 

TS3, and the bond length of C3-Br (2.800 Å) in the structures 

of transition states TS2 and TS4 are equal. Therefore, the 

distribution of total electron density in TS1 and TS3 are 

similar to that in TS2 and TS4; hence, TS1 and TS3 have 

similar bonding pattern. The same observation was found for 

TS2 and TS4 transitions. 

 
NBO Analysis 
      NBO analysis provides the most possible accurate picture 

of the "natural Lewis structure", as all orbital details are 

mathematically   chosen  to   include   the   highest   possible  
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4-Isothiazoline-3-one                                              SO2Cl2 

 

 
Br2                                                                   2-Methyl-4-isothiazoline-3-one 

Fig. 3. Mapping of the electrostatic potential around the four molecules. 
 

Table 5. The Energies of the Transition States (ETS), and Activation Energies (Ea) Corresponding to the Formation 

of the four Molecules Calculated by the DFT Method B3LYP/6-311G(d,p) 

 

 Eproduits 

(ua) 

Ereactants 

(ua) 

ETS 

(ua) 

Ea 

(kcal mol-1) 

Reaction 1 -2113.394 -2113.422 -2113.214 112.95 

Reaction 2 -5792.649 -5792.64 -5792.59 32 

Reaction 3 -2152.715 -2152.742 -2152.537 128.64 

Reaction 4 -5831.969 -5831.961 -5831.912 30.74 
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percentage of electron density [38]. In NBO analysis, donor-

acceptor (binding-anti-binding) interactions are considered 

by looking at all possible interactions between "busy" (donor) 

Lewis-like NBOs and "unbusy" non-Lewis-like NBOs 

(acceptors). Then, their energies are estimated by second-

order perturbation theory [39]. These stabilizing interactions 

are called "delocalization" corrections of the natural Lewis 

structure. For each donor, NBO (i) and acceptor NBO (j), the 

stabilization energy E2, which is associated with the 

delocalization i→j, is explicitly estimated  by  the  following 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

equation: 

 

      𝐸ଶ = ∆𝐸௜௝ = 𝑞௜
ி(௜,௝)మ

ா೔ିாೕ
 

 

      Here, qi is the donor orbital occupancy, Ei and Ej are 

diagonal elements, and F(i,j) is the off-diagonal NBO Fock 

matrix element. 

      The occupancy and energies of the i and j orbitals with 

the ΔEij of Lp(1), Lp(2), and the bond (σ/π) to antibond (σ*/π*)  

 
Fig. 4. Hartree energy profile for the 4 reactions studied. 
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transitions are given in Table 6. The Lp(1) N6 → π* (C1-O7) 

interaction contributed to a maximum ΔEij of                                

51.10 kcal mol-1, 47.75 kcal mol-1, and 48.42 kcal mol-1                              

for 4-bromo-2-methyl-4isothiazolin-3-one, 4-bromo-4-

isothiazolin-3-one, and 4,5-dichloro-4-isothiazolin-3-one 

molecules. For the 4,5-dichloro-2-methyl-4-isothiazolin-3-

one molecule, the N5 → π* (C1-O6) interaction contributed           

to a maximum ΔEij of 51.96 kcal mol-1. Binding (σ/π) to 

antibinding (σ*/π*) interactions also contributed 

significantly to the stability of the structure with a maximum 

contribution of π (C2-C3)/π* (C1-O7) having a ΔEij of             

16.47 kcal mol-1, 16.35 kcal mol-1, and 15.01 kcal mol-1                   

for 4-bromo-2-methyl-4-isothiazolin-3-one, 4-bromo-4-

isothiazolin-3-one,             4,5-dichloro-4-isothiazolin-3-one  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
molecules. For the 4,5-dichloro-2-methyl-4-isothiazolin-3-
one molecule, the π (C2-C3)/π* (C1-O7) interaction 
contributed to a maximum ΔEij of 15.05 kcal mol-1.  

 
Thermodynamic Parameters 
      We have calculated the enthalpy H, the entropy S and the 
free enthalpy G at 25 °C for each molecule (Table 7). The 
enthalpy H is the summation of the internal energy of a 
system and the product of its pressure by its volume. Entropy 
S is characterized by the degree of disorder or 
unpredictability of the information contained in a system. 
      We determined that 4-bromo-2-methyl-4-isothiazolin-3-
one had a lower G energy; indicating that the 4-bromo-2- 
methyl-4-isothiazolin-3-one is more thermodynamically 
stable. 

 
TS1: 4,5-Dichloro-4-isothiazolin-3-one             TS3: 4,5-Dichloro-2-methyl-4-isothiazolin-3-one 

 

 
TS2: 4-Bromo-4-isothiazolin-3-one                                TS4: 4-Bromo-2-methyl-4-isothiazolin-3-one 

Fig. 5. Structures of the transition states obtained by DFT B3LYP/6-311G(d,p) involved in the studied reactions. 
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Table 6. Second-order Perturbation Theory Analysis of fock Matrix in NBO Basis 

 

Molecules Donor Type ED/e Acceptor Type ED/e E(2) E(j)-E(i) E(i, j) 

4-Bromo-2-

methyl-4-

isothiazoline-3-

one 

C2-C3 π 1.91205 C1-O7 π* 0.36607 16.47 0.34 0.072 

S4 Lp(2) 1.76327 C2-C3 π* 0.28033 22.90 0.27 0.071 

N6 Lp(1) 1.70339 C1-O7 π* 0.36607 51.10 0.30 0.113 

O7 Lp(1) 1.97698 C1 σ* 0.01746 15.04 1.53 0.136 

O7 Lp(2) 1.83063 C1-C2 σ* 0.08628 19.42 0.66 0.104 

O7 Lp(2) 1.83063 C1-N6 σ* 0.09932 29.12 0.66 0.126 

4-Bromo-4-

isothiazoline-3-

one 

C2-C3 π 1.91200 C1-O7 π* 0.35057 16.35 0.34 0.071 

S4 Lp(2) 1.76314 C2-C3 π* 0.27595 23.07 0.27 0.071 

N6 Lp(1) 1.74311 C1-O7 π* 0.35057 47.75 0.31 0.112 

O7 Lp(1) 1.97719 C1 σ* 0.01692 15.50 1.52 0.137 

O7 Lp(2) 1.82410 C1-C2 σ* 0.08962 19.73 0.66 0.104 

O7 Lp(2) 1.82410 C1-N6 σ* 0.09745 29.97 0.64 0.127 

4,5-Dichloro-4-

isothiazoline-3-

one 

C2-C3 π 1.91016 C1-O7 π* 0.34955 15.01 0.35 0.070 

S4 Lp(2) 1.77677 C2-C3 π* 0.35536 22.07 0.25 0.069 

N6 Lp(1) 1.74832 C1-O7 π* 0.3495 48.42 0.31 0.112 

O7 Lp(2) 1.97734 C1 σ* 0.01639 15.55 1.53 0.138 

O7 Lp(2) 1.81557 C1-C2 σ* 0.09443 20.93 0.65 0.107 

O7 Lp(2) 1.81557 C1-N6 σ* 0.09571 29.35 0.65 0.126 

4,5-Dichloro-2-

methyl-4-

isothiazoline-3-

one 

C2-C3 π 1.91062 C1-O6 π* 0.36524 15.05 0.35 0.070 

S4 Lp(2) 1.77655 C2-C3 π* 0.35779 21.93 0.25 0.069 

N5 Lp(1) 1.70860 C1-O6 π* 0.36524 51.96 0.30 0.114 

O6 Lp(1) 1.97720 C1 σ* 0.01691 15.03 1.55 0.136 

O6 Lp(2) 1.82221 C1-C2 σ* 0.09137 20.61 0.66 0.106 

O6 Lp(2) 1.82221 C1-N5 σ* 0.09758 28.52 0.66 0.125 

 

 

      Table 7. Thermodynamic Parameters of 4-Bromo-4-isothiazolin-3-one, 4-Bromo-2-methyl-4-isothiazolin-3-one, 

      4,5-Dichloro-2-methyl-4-isothiazolin-3-one, 4,5-Dichloro-4-isothiazolin-3-one 

 

Molecule ∆H 

 (kj mol-1) 

∆S 

(kj mol-1 K-1) 

∆G  

(kj mol-1) 

4-Bromo-4-isothiazoline-3-one -3217.839760 85.423 × 10-3 -3217.880347 

4-Bromo-2-methyl-4-isothiazoline-3-one -3257.131746 89.149 × 10-3 -3257.174103 

4,5-dichloro-2-methyl-4-isothiazoline-3-one -1602.831018 93.869 × 10-3 -1602.875618 

4,5-dichloro-4-isothiazoline-3-one -1563.539854 85.941 × 10-3 -1563.580688 
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UV-Vis Spectral Analysis 
      The electronic absorption spectra of the four molecules in 

the methanol solution using the TD-DFT method (B3LYP/6-

311G(d,p)) were evaluated. The theoretical and experimental 

absorption wavelengths are compared in Table 8. 

      As can be seen, all compounds exhibited a common 

absorption region called the long wavelength region (280-

360 nm). The compounds 4,5-dichloro-4-isothiazolin-3-one 

and 4,5-dichloro-2-methyl-4-isothiazolin-3-one show spectra 

with its maximum at 280 nm, and with a maximum energy 

difference of 4.43 eV. On the other hand, the compounds                    

4-bromo-4-isothiazolin-3-one and 4-Bromo-2-methyl-4-

isothiazolin-3-one show strong transitions at 286 nm and                     

284 nm with a maximum energy differences of 4.34 and4.37 

eV; these four compounds showed transitions  π → π∗. 

 
NMR Spectral Analysis 
      The NMR spectroscopic tool is a breakthrough method in 

unraveling the very complex structure of organic molecules. 

The combined use of experimental and Gaussian 

computational tools offers a powerful tool to interpret the 

structure of large molecules. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

      The optimized structures of the four studied molecules 

were used to calculate the NMR spectra using the GIAO 

method. The chemical shifts of the compound are reported in 

ppm relative to TMS for 1H and 13C (Tables 9 and 10). 

      According to the 13C NMR spectral analyses, the 

observed chemical shifts of C1, C2, C3 and C9 of the 4-bromo-

2-methyl-4-isothiazolin-3-one molecule were 165.3, 124.65, 

145.16, and 33.6 ppm, respectively. The corresponding 

chemical shifts for the 4,5-dichloro-2-methyl-4-isothiazolin-

3-one molecule were 160.14, 127.33, 151.61, 29.1 ppm, 

respectively. For the two other molecules, the observed 

chemical shifts of C1, C2 and C3 were 159.4, 127.01, 154.53 

ppm for the molecule 4,5-dichloro-4-isothiazolin-3-one 

molecule and 163.49, 127.6, 144.09 ppm for the 4-bromo-4-

isothiazolin-3-one molecule (Table 9). 

      For 1H NMR spectra, there were two distinct but very 

distant peaks for the 4-Bromo-2-methyl-4-isothiazolin-3-one 

molecule, the first one related to the proton H7 linked to the 

C=C double bond coming out at 8.37 ppm and the other 

corresponded to the CH3 group which coming out at                                   

3.38 ppm. Similarly, for the 4-bromo-4-isothiazolin-3-one 

molecule, there were two peaks, one related  to hydrogen H8                             

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Table 8. Theoretical Values of the Electronic Absorption Spectra of the four Studied Molecules 

 

 𝜆௠௔௫
௘௫௣  

(nm) 

log(ε)ୣ୶୮ 𝜆௠௔௫
௖௔௟  

(nm) 

log(ε)ୡୟ୪ 𝐸௖௔௟  

(eV) 

4,5-Dichloro-4-isothiazolin-3-one   280 6 4.43 

4,5-Dichloro-2-methyl-4-isothiazolin-3-one 279 4.09 280 4.5 4.43 

4-Bromo-4-isothiazolin-3-one 267 3.88 286 4.2 4.34 

4-Bromo-2-methyl-4-isothiazolin-3-one   284 4.2 4.37 

 

 

  Table 9. Isotropic Chemical Shifts δ (ppm) Obtained by GIAO Methods at the Base 6-311G(d,p) 

 

MOLECULE ATOM δGIAO MOLECULE ATOM δGIAO 

4-Bromo-2-methyl-4-isothiazolin-3-one C1 165.3 4,5-Dichloro-2-methyl-4-

isothiazolin-3-one 

C1 160.14 

C2 124.65 C2 127.33 

C3 145.16 C3 151.61 

C9 33.6 C9 29.1 

4,5-Dichloro-4-isothiazolin-3-one C1 159.4 4-Bromo-4-isothiazolin-3-one C1 163.49 

C2 127.01 C2 127.6 

C3 154.53 C3 144.09 
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that was at 8.19 ppm, and another peak corresponded to the 

hydrogen H5 at 5.19 ppm. 

      In the case of the two molecules 4,5-dichloro-4-

isothiazolin-3-one and 4,5-dichloro-2-methyl-4-isothiazolin-

3-one, a single peak of hydrogen H5 at 4.96 ppm and another 

peak related to CH3 carbon at 3.24 ppm were obtained                        

(Table 10). 

 
CONCLUSIONS 
 

      The theoretical calculations of the electron density of 

atoms of the reactants, the electrophilic and nucleophilic 

character, the local electrophilic and nucleophilic indices, the 

Fukui indices, the localization of the transition states, and the 

analysis of the energy surface potential were done using DFT 

method B3LYP/6-311G(d,p). The following are concluding 

remarks:  

-       The difference in overall electrophilicity of the two 

reactants showed that all the studied reactions had a polar 

character.  

-       The most favored interaction took place between the C2 

and C3 atoms of 4-isothiazolin-3-one and 2-methyl-4-

isothiazolin-3-one with the Cl4 and Cl5 atoms of sulfuryl 

chloride and also with the Br atom of dibromine.  

-       The activation energies corresponding to the transition 

states of reactions 2 and 3 were lower than those 

corresponding to transition states 1 and 4. 

-  
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