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      Different compounds are created when chlorine molecules and vinyl radicals react. Over the lowest doublet potential energy surface, a 

potential mechanism for this reaction has been put forth at the CBS-QB3 and CCSD(T)/CBSB3 levels of theory. According to theoretical 

kinetics studies, the dominant product in this system is CH2Cl-CHCl. One deep potential well and 10 distinct channels make up the doublet 

surface for the reaction in the title. The Single-well multichannel RRKM method along with steady-state approximation for the corresponding 

intermediate (RRKM-SSA) have been used to estimate the rate constants for the formation of the most likely products that pass through the 

energized pre-reaction adduct over the temperature and pressure ranges of 300 to 3000 K and 5 to 10,000 Torr. The pressure dependence of 

various channels is also examined. 
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INTRODUCTION 
 

      Chlorine has the primary industrial usage in producing a 

wide range of organochlorine products in developed 

countries. Chlorinated hydrocarbons are widely used in 

synthetic polymers, pesticides, and other product 

manufacturing applications. Some chlorocarbons persist in 

the environment, which has caused chlorine and chlorinated 

compounds to become one of the most important 

environmental pollutants [1,2]. Vinyl radical, the simplest 

alkenyl radical and crucial component for synthesizing 

polycyclic aromatic hydrocarbons in acetylene-rich 

conditions, is one of the chemicals reacting quickly with 

chlorine [3-5]. The main product, vinyl chloride, causes 

significant pollution in water, air, food, and, generally, the 

environment. These chlorinated compounds serve as a crucial 

source of illnesses and poisonings [6-8].  

      Numerous studies have been conducted on the role of 

chlorine atoms and chlorinated compounds in atmospheric 

processes and their impact on human  health. There has been 
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some research done on the generation of hazardous 

compounds when chlorine reacts with vinyl radicals and 

unsaturated hydrocarbon free radicals (UHFRs) [9,10]. 

      Well-known two-step chain reactions are a part of the 

processes governing the gas-phase reactions of hydrocarbon 

free radicals (R) with chlorine [4,10,11]. 

      The mechanisms of gas-phase reactions of hydrocarbon 

free radicals (R) with chlorine involve well-known two-step 

chain reactions [4,10,11]. 

 

      Cl. + RH   HCl + R.      (R’) 

 

      R.+ Cl2   RCl + Cl.    (R’’) 

 

Though there is a wealth of knowledge on the interactions of 

chlorine atoms with saturated hydrocarbons, the reactions of 

UHFRs with molecular chlorine are only partially 

understood. Consequently, there are few reported rate 

coefficient data for the reaction of chlorine with UHFRs (for 

instance see reference [12] and referenced therein). 

      Timonen et al. [11] used a photoionization mass 

spectrometer  detector  to  examine  the kinetics of  reactions  



 

 

 

Mousavipour & Mehdizade/Phys. Chem. Res., Vol. 12, No. 2, 441-451, June 2024. 

 

 

involving vinyl, allyl, and propargyl radicals and Cl2 in a 

tubular reactor. The following rate constant expression has 

been reported: k(C2H3 + Cl2) = 5.24 × 109 exp(-2.0                      

kJ mol−1/RT) M-1 s-1 in the range of 298 to 435 K. Later, 

Eskola and Timonen, [4] in a literature review, proposed a 

rate constant expression for R’’ reaction as; k(C2H3 + Cl2) = 

(2.79 ± 0.59)109 exp (3.1 ± 0.3 kJ mol-1/RT) l mol-1 s-1 with a 

positive activation energy in the range of 200 to 362 K. 

Although, the kinetics of polyvinyl chloride has been 

investigated in some extent13 (because of its significant role 

in many industries), the kinetics of vinyl chloride seems was 

not considered as expected. In order to clarify the mechanism 

of this complex reaction, the current work describes a 

theoretical investigation of the mechanism of the title 

reaction on its lowest doublet potential energy surface. 

According to our research, this system contains a single deep 

potential well that is essential to the kinetics of the named 

reaction. 

      The RRKM approach in conjunction with the steady-state 

approximation for the active intermediate (RRKM-SSA) [14] 

was used to observe the effects of the energetic adduct on the 

dynamics of the title reaction in this single-well multichannel 

system.  For various channels,  the  concurrent  thermal  rate  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

constants have been calculated. This method has the 

advantage of figuring out each channel's rate constant          

while the other channels are competing. The estimated rate 

constants are presented for a wide range of pressure                             

(5 to 10,000 Torr) and temperature (300 to 3000 K). 

 

COMPUTATIONAL METHODS 
 

Quantum Mechanical Calculations 
      To obtain the optimal structures and energies for the 

stationary points, a composite approach utilizing the full 

basis set CBS-QB3 [15] was used for structural 

computations. The five-step CBS-QB3 set of calculations for 

the geometry optimization at this level of theory is followed 

by frequency calculations to ascertain thermal adjustments, 

zero-point vibrational energies, and entropic data. The 

following three steps include single-point computations on 

optimized structures at the CCSD(T), MP4SDQ, and MP2 

levels. The final energies are provided via the CBS-QB3 

extrapolation. At the CCSD(T)/CBSB3 level of theory, the 

optimized structures' energies were recalculated [16]. In              

Fig. 1, the proposed PES is displayed. For the relevant zero- 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 1. The global potential energy surface at the CBS-QB3 and CCSD(T)/CBSB3 (in parentheses) levels for the reaction 

of CH2=CH with Cl2. The relative energies are adjusted for the zero-point energies. 
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point energies (ZPE), all energies are adjusted. To identify 

the stationary points as first-order saddle points or local 

minima, we looked at the harmonic vibrational frequencies 

of each stationary point. In our computations, harmonic 

frequencies are scaled by a factor of 0.99. To get more precise 

individual PESs and to investigate the relationships between  

each saddle point and the related minima along the reaction 

coordinates, the intrinsic reaction path coordinate 

[IRCMax(CBS-QB3/B3LYP)] calculations were carried out. 

In the Supplementary Information file, IRC charts for 

channels with saddle points are displayed, Figs. S1 to S5. The 

  

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

proposed mechanism is depicted in Scheme 1. The optimized 

geometries of each stationary point in this system are 

displayed in Fig. 2. In the Supplementary Information file, 

the structural z-matrices for the stationary points are 

provided. Table 1 contains the vibrational term values and 

moments of inertia for each stationary point. 

 
RESULTS 
 
Potential Energy Surface and Reaction Mechanism  
      The  PES  for  the  title   reaction  at  the  CBS-QB3  and  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Fig. 2. Optimized stationary points geometries at the B3LYP/CBSB7 level. 
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Scheme 1. proposed mechanism for the reaction between the chlorine molecule and the vinyl radical 

 

 

Table 1. Calculated at the B3LYP/CBSB7 Level are the Stationary Points' Vibrational Term Values and Moments of Inertia. 

The Scaling Factor for Vibrational Term Values was 0.99 

 

Species 
Term values  

(cm-1) 

Ii  

(amu Å2) 

CH2-CH 3230, 3131, 3041, 1651, 1391, 1047, 922, 821, 715 17.6, 15.5, 2.1 

Cl2 533 72.6, 72.6 

INT 3249, 3223, 3152, 1643, 1400, 1300, 1036, 967, 950, 686, 628, 398, 158, 70, 46 311.8, 270.2, 59.6 

CH2-CHCl 3242, 3209, 3148, 1666, 1403, 1303, 1040, 977, 928, 699, 635, 399 94.0, 85.2, 8.8 

CH2-CHCl2 3273, 3162, 3154, 1452, 1299, 1217, 1128, 1002, 667, 623, 537, 397, 291, 262, 149 223.2, 162.1, 74.7 

CH2Cl-CHCl 3221, 3171, 3101, 1470, 1331, 1236, 1177, 1115, 948, 726, 560, 496, 383, 272, 88 285.1, 261.8, 39.5 

CH2Cl-CH 3131, 3117, 3024, 1598, 1332, 1194, 949, 908, 877, 583, 478, 348   102.5, 93.2, 9.4 

CH2Cl-C 3054, 3002, 1314, 1164, 1020, 933, 488, 320, 141 91.9, 84.8, 10.2 

CH-CHCl 3147, 2992, 1559, 1162,772, 744, 601, 533, 360.20 89.7, 82.3, 7.42 

HCl 2934.67 1.6, 1.6 

H2C-C 3192, 3114, 1709, 1212, 752, 342 14.5, 12.7, 1.8 

TS1 3398, 3245, 1779, 1477, 879, 773, 707, 703, 645, 362, 294, 1712i 124.0, 110.0, 14.0 

TS2 3245, 3144, 1712, 1290, 972, 941, 724, 655, 599, 422, 399, 1383i 98.6, 92.7, 6.7 

TS3 3108, 3091, 1413, 1283, 1169, 932, 800, 680, 642, 574, 434, 383, 111, 1800.01i 253.8, 198.9, 67.0  

TS4 3174, 3115, 3054, 1472, 1317, 1213, 994, 896, 876, 702, 536, 379, 221, 188, 241i 252.3, 194.6, 72.6 

TS5 3045, 2930, 2097, 1653, 1411, 1099, 937, 725, 588, 339, 188, 1488i  85.6, 85.6, 8.6 

HC-CH 3524, 3421, 2070, 773, 751, 642 14.2, 14.2 

HC-CCl 3482, 2200, 749, 653, 591, 343 89.3, 89.3 

H2 4419 0.4, 0.4 
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CCSD(T)/CBSB3 levels of theory is schematically shown in 

Fig. 1. As would be expected, the dynamics of this system is  

greatly influenced by the creation of the energetic 

intermediate INT*. The initial phase (CH2=CH + Cl2), 

according to the ab initio calculations, comprises a barrier-

less association reaction that generates the intermediate 

INT*, which is 172.9 kJ mol-1 more stable than the reactants 

at the CCSD(T) level of theory. The long-range electrostatic 

interactions between the two anisotropic moieties are crucial 

in barrier-less association processes. For these types of 

interactions, many strategies are recommended, for instance, 

see references [18] and [19]. It has been established that the 

long-range potential, not the internal dynamics of the 

complex, should control how a pre-reaction adducts form. 

      Three possible outcomes for this highly vibrationally 

energized intermediate following the formation of the 

activated complex may be assumed: dissociation or 

isomerization into the other distinct species, stabilization 

under collisions, or dissociation to return to the reactants. A 

channel R2 without a saddle point can dissociate this 

energetic intermediate, INT*, to produce CH2=CHCl + Cl. 

The reaction R2 that results in the formation of CH2=CHCl 

has three potential unimolecular pathways. By overcoming 

saddle points TS1 and TS2 with barrier heights of                                    

144.5 kJ mol-1 and 302.1 kJ mol-1 at the CCSD(T) level, or 

by forming CH2=C + HCl (reaction R6) without a saddle 

point, CH2=CHCl can undergo a four center dissociation 

reaction to produce HCCH + HCl (reaction R7) or HCCCl + 

H2 (reaction R8). Due to the high barrier height present, 

144.5 kJ mol-1 for TS1, 302.1 kJ mol-1 for TS2, and                                   

126.0 kJ mol-1 for reaction R6, these routes have little impact 

on the kinetics of this system. Different products, such as 

CH2CHCl2 (reaction R3) and CH2Cl- CHCl (reaction R4), are 

also conceivable from INT* or CH2=CHCl + Cl. These 

channels are more stable than the reactants by 219.2 kJ mol-1 

and 240.0 kJ mol-1, respectively. In reaction R5, which is       

86.5 kJ mol-1 less stable than the reactants at the CCSD(T), 

CH2Cl-CHCl may dissociate into CH2Cl-C + HCl. In reaction 

R9, the saddle point TS3 could be passed over by CH2-CHCl2 

with 77.6 kJ mol-1 energy at the CCSD(T) level, resulting in 

CH=CHCl + HCl. Passing over saddle point TS4 to create the 

primary product in this system (CH2Cl-CHCl) with                                

37.4 kJ mol-1 activation energy is another route that                    

CH2-CHCl2  could  take.  Because  of  its  high  energy  path 

 

 

(reaction R8) and lack of significance in this system, the 

formation of CCl-CH from CH2-CHCl is not important. With 

a 255.2 kJ mol-1 activation energy, the reaction R10,                                   

for the formation CH-CCl from CH2Cl-CHCl followed by                                    

CH2Cl-CH is also not a significant route in this system.  

      For the standard reaction enthalpy of R2, Timonen et al. 

[11] proposed a value of -147 kJ mol-1, and Lee et al. [12] 

reported a value of -158 kJ mol-1 at the CBSQ level of theory.  

According to our findings, the reaction enthalpy for R2 at the 

CBS-QB3 level of theory is -153 kJ mol-1. 

 

Rate Constants Calculations   
      The RRKM-SSA approach [14] was used to determine 

the rate constants of those channels (reactions R2, R3, R4, 

and Rw) that are significant in this system and connected 

directly to the potential well INT* based on the structure of 

the PES from the CCSD(T) method. 

      As might be expected, there is uncertainty in finding the 

location of the bottleneck for barrier-less reactions. As 

available energy decreases, the bottleneck for the interaction 

typically occurs at greater distances where the two reacting 

species are only weakly interacting as a result of getting 

closer to one another and the sum of states decreasing as a 

function of available energy in the system. 

      Within the framework of this procedure, the following 

equation was employed to compute the microcanonical rate 

constants [17]: 

 

      𝑘(𝐸, 𝐽) = 𝜎𝑁#(𝐸, 𝐽)/ℎ𝜌(𝐸, 𝐽)        (1) 

 

Where the state density of the reactant (here INT* for the 

reverse reaction (R-1)) (𝜌(𝐸, 𝐽)), Planck's constant (ℎ), the 

sum of the states of the saddle point (𝑁#(𝐸, 𝐽)), and reaction 

path degeneracy (𝜎) were taken into consideration. The 

bottleneck for the initial association reaction was located 

using this microcanonical rate constant estimate. Based on 

the data gathered from the microcanonical rate constants             

k(E, J) calculations for each of the distinct reactions, thermal 

rate constants (k(T)) at various pressures and temperatures 

were computed.  

      The energy step size (∆𝐸#) for calculating k(E) in RRKM 

calculations was set to 1.3 kJ mol-1 up to 120.0 kJ mol-1. The 

collision efficiency (𝛽𝑐) value of 0.5 was utilized [18] at 

lower temperatures and dropped  to a  value of 0.2 at  higher  
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temperatures. N2 was used as the bath gas since it is more 

useful for environmental issues. Using the calculating 

approach outlined by Loukhovitski and Sharipov [19], a 

value of 4.28 Å was selected for the collision diameter in a 

nitrogen bath gas environment. 

      The transitional modes in reactions involving two 

separated reactants are those vibrational and rotational 

degrees of freedom that are specifically relevant to the 

reaction [20]. The total and density of states over the active 

vibrational and rotational states were computed using the 

direct count. For association reactions normally internal 

rotations are not taken into account. It is presumed that the 

K-rotational states are active [21,22]. 

      As the two reactants move toward one another to produce 

the bottleneck, we were unable to locate any saddle points for 

the entrance channel of R1. The bottleneck for the reverse 

reaction of R1 (creation of CH2-CH + Cl2 from the INT* 

complex) was calculated via microcanonical variational 

RRKM calculations to range from 3.41 (the C-Cl bond 

distance) at lower energies (temperatures) to a value of 1.98 

at higher energies (temperatures). 

      Based on a modified version of Zhu and Hase's RRKM 

program, the steady state approximation (SSA) method was 

used to the following unimolecular reactions to get the 

subsequent formulations for the rate constants of bimolecular 

reactions: 

 

      𝑘௕௜ =  
ఙ஻೐ொೌ

#

௛ொಲ ொಳ
𝑒𝑥𝑝 ቀ

ିாబ

ோ்
ቁ ∆𝐸# ∑

ீ൫ாೡೝ
# ൯ ௘௫௣(ିாಯ ோ்)⁄

ଵା
ೖ (ಶ∗ )

ೢ

ஶ
ாబ

       (2)             

 

      The approach given by Dean [24] (based on RRKM 

theory in conjunction with the steady-state assumption for the 

energized intermediates) was used to compute the individual 

rate constants for reactions R2, R3, R4, and intermediate 

stabilization kw. Based on this method, the following 

equations for the second-order rate constants of channels 

RW, R2, R3, and R4 are obtained. We overlooked the 

reactions 𝑅ଷ
ᇱ  and 𝑅ସ

ᇱ  in our calculations.  

 

      𝑘௪=
ఙ஻೐ ொೌ

ಯ

௛ ொ಴మಹయொ಴೗మ
 𝑒𝑥𝑝(ି
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𝑘௕௜(𝑅ଶ)=
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      𝑘௕௜(𝑅ଷ)=
ఙ஻೐ ொೌ

ಯ
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                                    (5) 

 

      𝑘௕௜(𝑅ସ)=
ఙ஻೐ ொೌ

ಯ

௛ ொ಴మಹయொ಴೗మ
 𝑒𝑥𝑝(ି
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ೃ೅

)   ∑
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ಶశ
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ஶ
ா଴

                                      (6) 

 

According to Scheme 1, kbi(Rx)s are the rate constants for the 

relevant channels, and kW is the stabilization rate constant for 

the energized intermediate INT*. The bottleneck of the initial 

association reaction is represented by Qa#, which is the 

product of the vibrational and rotational partition functions. 

QC2H3 and QCl2 are the products of the reactants partition 

functions. G(E+) is the sum of the vibrational and rotational 

states of the corresponding TS at the internal energy                   

E+. w (=Zc[A]) is the collisional stabilization for energized 

intermediate. As determined by the RRKM approach, which 

divides the sum of states by the density of states for the 

corresponding steps, kx(E)s is the microcanonical rate 

coefficient for the corresponding steps in the energy range of 

E to (E + ΔE). The electronic partition functions' ratio, Be, is 

determined as     

         𝐵௘ୀ
௤೐೗೐೎

ಯ

௤೐೗೐೎,಴మಹయ ௤೐೗೐೎,಴೗మ
         (7) 

 

The pressure-dependent stage of the association reaction that 

creates the pre-reaction intermediate INT (kW) is as expected. 

The pressure-dependent of kW at 500, 1000, and 2000 K in 

the pressure range of 5 to 10,000 Torr (0.007 to 13.2 atm) is 

shown in Fig. 3.  

      Figures 4 and 5 depict the Arrhenius charts for the rate 

constants of reactions RW, R2, R3, and R4 at 760 Torr and 

10,000 Torr pressure. 

The following formulas were obtained by non-linear least-

squares fitting to the computed rate constants at the CCSD(T) 

level of theory at 760 Torr in Fig. 4: 

k 2 = 8.8 ⨉ 1014 ⨉ T0.11 exp(-15.0 kJ mol-1/RT) l mol-1 s-1 

 

k 3 = 5.3 ⨉ 1015 ⨉ T0.01 exp(-13.5 kJ mol-1/RT) l mol-1 s-1  

 

k 4 = 1.9 ⨉ 1016 ⨉ T0.01 exp(-12.7 kJ mol-1/RT) l mol-1 s-1 

 

k w = 4.0 ⨉ 1015 ⨉ T-0.70 exp(-11.5 kJ mol-1/RT) l mol-1 s-1 
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Fig. 3. The intermediate stabilization rate constant kW 

changes as a function of pressure and temperature. 

 

 

 
Fig. 4. Shows the calculated Arrhenius plots for reactions R2, 

R3, R4, and RW at 760 Torr using the RRKM-SSA technique. 

 

 

At lower pressures and higher temperatures, reactions R3 and 

R4 (creation of CH2-CHCl2 and CH2Cl-CHCl, respectively) 

dominate, whereas reaction R2 (production of CH2-CHCl + 

Cl) plays a less significant role. As anticipated, at lower 

temperatures, the stabilization rate constant kw is equivalent 

to the rate constants for reactions R3 and R4, whereas at 

higher temperatures, it tends to decrease. Deactivation 

reaction  Rw  becomes  the  main  pathway  in this system at 

 

 

 
Fig. 5. Arrhenius plots calculated using the RRKM-SSA 

method for reactions R2, R3, R4, and RW at 10,000 Torr. 

 

 

higher pressures (10,000 Torr), as seen in Fig. 5. 

The following expressions were obtained at the CCSD(T) 

level of theory by non-linear least-squares fitting to the data 

in Fig. 5 at 10,000 Torr: 

 

k 2 = 3.5 ⨉ 1014 ⨉ T0.37 exp(-15.3 kJ mol-1/RT) l mol-1 s-1 

 

k 3 = 2.0 ⨉ 1015 ⨉ T0.45 exp(-13.9 kJ mol-1/RT) l mol-1 s-1  

 

k 4 = 7.4 ⨉ 1015 ⨉ T0.50 exp(-13.1 kJ mol-1/RT) l mol-1 s-1 

 

k w = 2.3 ⨉ 1016 ⨉ T-0.67 exp(-13.9 kJ mol-1/RT) l mol-1 s-1 

 

Channels R2, R3, and R4 showed no discernible pressure 

dependence across the pressure range of 760 to 10,000 Torr. 

It should be noted that these four channels are in direct 

competition, therefore raising one channel's rate will affect 

the rates of the others. 

      The system may go through reactions R5 to R10 as 

depicted in Scheme 1 after the products of reactions R2 to R4 

are generated. The unimolecular reactions R5 to R10 are less 

significant because of their comparatively high activation 

energies. The density, sum of states, and microcanonical rate 

constants (k(E)) for the respective saddle points and channels 

were calculated using the RRKM method. Using these data 

and  the  circumstances  stated  for  reactions  R2 to R4, k(T)  
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values for these channels were calculated. For Reactions R5 

and R6, as predicted, no saddle point was revealed. As a 

result, the microcanonical variational RRKM approach was 

used to pinpoint the locations of the respective bottlenecks 

for both processes. At lower temperatures, the positions of 

the bottlenecks for reactions R5 and R6 were 3.5 Å and               

3.7 Å, respectively, and they decreased to 2.1 Å and 2.2 Å at 

higher temperatures for the C-Cl bonds. Figures 6 and 7 show 

the Arrhenius plots for the rate constants of reactions R5 to 

R9 at 760 Torr and 10,000 Torr, respectively. In this system, 

reaction R10 was not significant.  

The following rate expressions at 760 Torr are produced by 

fitting the data in Fig. 6. 

 

k5 = 1.9 ⨉ 1017 ⨉ T0.78 ⨉  exp(-33.1 × 10 kJ mol-1/RT)                                   

l mol-1 s-1  

 

k6 = 8.1 ⨉ 1017 ⨉ T0.12 ⨉  exp(-29.3 × 10 kJ mol-1/RT)                                         

l mol-1 s-1  

 

k 7 = 2.3 ⨉ 1017 ⨉ T0.80 ⨉ exp(-37.4 × 10 kJ mol-1/RT)                                        

l mol-1 s-1  

 

k8 = 9.6 ⨉ 1017 ⨉ T2.11 ⨉ exp(-47.0 × 10 kJ mol-1/RT)                                               

l mol-1 s-1  

 

k9 = 1.9 ⨉ 1019 ⨉ T1.73 ⨉ exp(-25.9 × 10 kJ mol-1/RT)                                     

l mol-1 s-1  

 

From 5 to 10,000 Torr, the pressure dependence of reactions 

R5 through R9 were studied. The tunneling correction may 

not be so significant for these reactions because their 

activation energies are larger in comparison to the total 

energy of the reactants. Using Brown's model [25], which is 

detailed in reference [14], the tunneling factor (κ) was 

estimated as a hydrogen atom approaches a one-dimensional 

unsymmetrical Eckart barrier [26]. 

The following rate expressions at 10,000 Torr result from the 

fitting method on the date in Fig. 7. 

 

k5 = 1.9 ⨉ 1017 ⨉ T0.81 ⨉ exp(-33.1 × 10 kJ mol-1/RT)                            

l mol-1 s-1  

k6 = 1.1 ⨉ 1018 ⨉ T0.70 ⨉  exp(-29.1 × 10 kJ mol-1/RT)                            

l mol-1 s-1  

 

 

k7 = 9.4 ⨉ 1017 ⨉ T1.60 ⨉ exp(-31.1 × 10 kJ mol-1/RT)                          

l mol-1 s-1   

k8 = 1.0 ⨉ 1018 ⨉ T3.09 ⨉ exp(-46.8 × 10 kJ mol-1/RT)                      

l mol-1 s-1   

k9 = 2.3 ⨉ 1019 ⨉ T2.64 ⨉ exp(-25.7 × 10 kJ mol-1/RT)                             

l mol-1 s-1  

 

DISCUSSION  
 
      Our calculations show that the addition of Cl2 to the vinyl  

 

 
Fig. 6. Arrhenius graphs from RRKM calculations at 760 

Torr for channels R5 to R9. 

 

 

 
Fig. 7. Arrhenius graphs from RRKM calculations at 10,000 

Torr for channels R5 to R9. 

0 1 2 3 4

-150

-100

-50

0

50

ln
 (

k 
/ s

-1
)

1000 K / T

 R5
 R6
 R7
 R8
 R9

at 760 Torr

0 1 2 3 4

-150

-100

-50

0

50

ln
 (

k 
/ s

-1
)

1000 K / T

 R5
 R6
 R7
 R8
 R9

at 10,000 Torr

448 



 

 

 

Kinetics of Vinyl Radical with Chlorine Molecules, A Theoretical Study/Phys. Chem. Res., Vol. 12, No. 2, 441-451, June 2024. 

 

 

radical is a successive process, as one of us stated in reference 

[27]. Pre-reaction energized adduct INT* with one chlorine 

atom linked to the C with fewer hydrogen must first be 

formed before the subsequent reactions that can take place in 

this system. The barrierless interaction of the hydrocarbon 

radical with the chlorine molecule is the initial process. As 

anticipated, the long-range interactions between the two 

moieties play a major role in the creation of the intermediate 

INT*. As the INT* is formed, the reactants' external rotations 

and radial components of relative translations eventually 

change into vibrations, internal rotations, torsional modes, 

and tumbling or rocking motions. If the intramolecular 

vibrational redistribution (IVR) process is not so fast to cause 

the relaxation of vibrational energy through distribution 

among the other modes, the newly formed C-Cl bond will 

immediately dissociate due to its high level of energy. It has 

been anticipated that the IVR process in this system moves 

far more quickly than reactive collisions, isomerization, or 

dissociation. Since we will be working on the dynamics of 

the title reaction in the near future, it was not planned for the 

current study to go over the specific dynamics of this system 

in detail. For highly energetic O-H or O-O bonds, the time 

scale for IVR is in the order of a picosecond, according to a 

study from our lab on the dynamics of the H atom reaction 

with the HO2 radical [28]. For the newly formed C-Cl bond 

in this system, it has been assumed a nearly identical IVR 

time scale, which should be on the same order for the masses 

of matching moieties [29]. 

      The deactivation rate constant (kw) at lower temperatures 

is comparable to the rates of the other three competing 

channels (R2, R3, and R4), according to Fig. 4 at 760 Torr 

with low energy over the PES. While kw does not much 

change as expected, the rates of channels R3 and R4 increase 

as the temperature rises in terms of their path energy. As 

would be expected, as the binding becomes more exothermic 

at higher temperatures, the value of kw increases to a 

maximum value. The deactivation rate constant (kw) plays a 

substantial role in comparison to the other competing rate 

constants R2 to R4 at lower and higher temperatures, as seen 

in Fig. 5 at 10,000 Torr. As seen in Figs. 4 and 5, the low-

lying vibrational states that become significant at higher 

temperatures are the cause of the rate constants for channels 

R2, R3, and R4 to curve. Given that the reactants have 

sufficient internal energy to cross over the respective  saddle  

 

 

points, tunneling for these three channels was not crucial. The 

production of CHCH and CHCCl is not significant in this 

system due to the high activation energies (TS1 and TS2); 

instead, reactions R5 to R9 are unimolecular reactions that 

become significant channels as the temperature rises above 

1000 K. Reactions R7, R8, and R9 cross the appropriate 

saddle points, TS3, TS1, and TS2, as indicated in Scheme 1. 

In this study, it was assumed that the reactants' energy for 

reactions R5 to R9 was transferred through collisions and that 

they were no longer energized. Figure 2 depicts the saddle 

points' structures. Moments of inertia and vibrational term 

values for the stationary points are shown in Table 1. 

      Over the pressure range of 5 to 10,000 Torr, the pressure 

dependence for all channels was investigated. The 

association reaction R1 and the unimolecular reactions R5 to 

R9 are pressure-dependent to some extent, as demonstrated 

in Fig. 3 and S6 to S15. The position of P1/2 is indicated in 

Fig. S6 through S15 by (). 

      Figures 4 and 5 can be compared, and Fig. 5's rate 

constants for R2 to R4 are smaller than those in Fig. 4's. At 

increasing pressures, the competing rate constants R2 to R4 

drop as the association rate constant kw rises. Figures S6 to 

S15 demonstrate that at lower temperatures, the tunneling 

factor nearly doubles the rate constants, whereas at higher 

temperatures, the tunneling process is negligible. 

 
CONCLUSIONS 
 

      At the CBS-QB3 and CCSD(T) levels of theory, the 

mechanism and kinetics of the reaction between vinyl 

radicals and chlorine molecules over the lowest doublet PES 

are examined. To the best of our knowledge, the kinetics of 

this reaction have not been thoroughly studied and published 

in the literature. For the title reaction, ten different channels 

are taken into account. With the strong collision assumption, 

which results in more efficient energy transfer during 

collisions, the rate constant for each path was estimated using 

the RRKM-SSA approach. The reaction was examined over 

the pressure range of 5 to 10,000 Torr in order to investigate 

the impact of pressure on the creation of the products. We 

were unable to find any substantial consequences of this 

pressure dependence on the creation of the other various 

immediate products, while the pressure clearly had an impact 

on the rate of stabilization and consumption of the energized  
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intermediate. At lower pressures, the title reaction's main 

product was predicted by the RRKM-SSA technique to be 

CH2Cl-CHCl, whereas at higher pressures, stabilization of 

the INT* was projected to be more significant. For reactions 

Rw and R2 to R9, the computed rate coefficient was 

presented. The unimolecular reactions R5 to R9 exhibit some 

pressure dependence. Overall, this study demonstrates the 

necessity for more thorough experimental and dynamic 

research to deepen our understanding of systems containing 

chlorinated hydrocarbons. 
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