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ABSTRACT  ARTICLE INFO 

 In industrial applications, it is essential to provide appropriate experimental 

conditions to maximize the product. In order to achieve this goal, taking into 

consideration the appropriate physical conditions such as temperature, pressure, 

electromagnetic field and evaluating the system as both classical and quantum 

mechanical provide many advantages. Especially temperature factor is an 

indispensable parameter for a chemical reaction. Some of these studies are H+ 

HMg  H2 + Mg (neutral magnesium) and H+ HMg+  H2 + Mg+ (ion 

magnesium) reactions, examined both quantum mechanically and classically. In 

order to evaluate this work theoretically with more realistic results, testing the base 

set function with experimental results comes first of all. In this study, it is seen that 

the aug-cc-pVQZ base function in the Density Function Theory is more realistic 

for both systems.  The most important factor in the process of separating of the H 

atom from the Mg atom is the desire of the electron in the HOMO orbital of the 

separated H atom to interact with the free electron in the Mg atom. Ion magnesium 

reaction showed to the same state. In the ion reaction, the free Mg+ atom in the 

product medium has an excited electronic state. This is the result of an ionized 

magnesium hydride. This requires that the system concerned is an endothermic 

system. The systems are examined by product state enthalpies (equilibrium 

constant) and transition state enthalpies (reaction rate constants with transition 

state theory); after about 600 K temperature, the formation of H2 molecule is was 

not affected also in both systems. At the same time, the only one of these two 

reactions is proved by the time dependent quantum method. 
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1. Introduction 

 

The presence of magnesium hydride has been 

observed by means of emission radiation from atmosphere 

of sun and star galaxies (especially from the Cool Stars). 

The oscillating strength of this radiation representing 

molecular electronic band transitions is the basis of 

spectroscopy in subjects such as the existence of molecular 

species. Roger et al. [1] examined the MgH (A2Π-X2∑+) 

band system for equilibrium stimulation conditions with a 

study that controls the density of chemical species. In the 

study, it was seen that many molecular species could be 

found in the output plane of a rocket (about 4000 K) used 

for research purpose. In addition to the MgH molecule, 

MgO, MgF2, Mg2F4, MgOH and MgF are also determined 

in certain concentrations. For the MgH molecule, the 
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oscillation strength of the corresponding electronic 

transition was determined to be about f = 2.0x10-3 by 

transition energy of 2.37 eV. Schadee et al. [2] showed that 

dissociation energy of MgH ground electronic state is 2.49 

eV, it has oscillation strength of 8.0x10-3, and if in 

dissociation energy of 1.85 eV; f = 3.5x10-2[1]. The fact that 

the study is important for astrophysics has made it worth to 

study both stimulated orbitals and isotopic effects of the Mg 

atom [3-6]. In a detailed study on this subject, Saxon et al. 

[7] studied the electronic energy states of the molecule. For 

the ground X2∑+ and excited energy states A2Π and B’ 2∑+ 

the dissociation energies and the total energies at certain 

distances were calculated with Self Consistent Field method 

and were compared with the experimental data. In addition, 

dipole moment and transition dipole moments (A-X, B’-X 

and A-B’ transitions) were calculated according to the 

distance between atoms. The vibration quantum energies of 

the ground and excited states were calculated and also 

compared with the experimental data. The same authors, in 

another work [8], computed to the value of oscillation 

strengths for A-X and B’-X transitions. In case of 

electronically excited metal atoms with H2, the mixture of 

hydrogen gas becomes sensitive to be light. Adams et al. [9] 

observed the behavior of the stimulated Mg atom against 

the H2 molecule. Because of the endothermic behavior of 

the system they said that the reaction rates could decrease. 

The saddle point and local minimum geometries were 

analyzed by MCSCF-CI method. Bernath et al. [10] showed 

rotational spectrum of MgH by using Fourier transform 

spectrometer. Also, they discussed factors that can affect to 

detection of MgH in interstellar galaxy. Breckenridge et al. 

[11] researched how hydrogen molecule isotope effects 

distributions of the nascent molecule rotational energy. Liu 

et al. [12] showed rotational state distribution by depending 

on temperature and determined reaction pathway for the 

reaction of Mg (3s3p 1P1) with H2. Liu and Lin [13] 

emphasized excited metal atom does not affect the resulting 

of reaction but effected to inner-distributions of nascent 

molecule. With this case, the reaction showed to trend of 

harpoon mechanism features. Generally, the Mg isotope 

studied has a mass number of 24. This isotope occurs as a 

result of carbon burning with thermal waves in atmospheric 

chemistry. Wallace et al. [14] investigated sunspot spectrum 

data of these three isotopes of Mg. They presented all 

rotational spectrum belonging to certain vibrational 

transition for (B’-X)2∑+ electronic transition. Liu and Lin 

[15] showed that Mg(41S0) population is larger than that of 

Mg(31P1) within pump-probe delay time. In the light of this 

case, the formation of MgH molecule is effectively 

encouraged by Mg(41S0) –H2 reaction rather than one of 

Mg(31P1).  Ou et al. [16] performed Quasi-classical 

trajectory calculations on the excited state (1A’) of 

magnesium atom and the ground state of magnesium 

hydride to examine angular product distributions for 

specific product vibrational quantum numbers. Moreover, 

they showed population distributions depending on 

scattering angle. The effect of a stimulated metal atom on 

the formation of metal hydride was the subject of high-

probability studies that have recently been center of interest. 

Liu et al. [17] used Mg (4 1S0) and Mg (3 1D2) excited states 

to occur MgH. Depletion-laser was used to destroy the 

presence of Mg (31P1) in the reactant channel, as well as to 

measure MgH in reaction environment. Rotational 

distributions of the nascent MgH molecule and cross 

sections depending on temperature were examined. The 

reaction of excited state Mg with H2 molecule may compose 

of unstable MgH2 complex. This complex structure effects 

quantum mechanically the formation of MgH, depending on 

its inner vibration and rotational energy. Hung et al. [18] 

constructed the improved potential energy surface of Mg 

(3s3p 1P1) + H2 (v=0, N=1) reaction at CASSCF level for 

related energy surface, at the same time, they performed 

quasi-classical trajectory calculations related at N-low and 

N-high values. From the atmosphere to the earth, after the 

high heat process, Mg atoms can form metal di-hydrides, 

MgH2, is well-known as solid. By melting this solid, it is 

separated into its constituent components and so the H atom 

can be used to store energy [19]. Although the formation of 

MgH2 molecule occurs in high temperature environment, 

low temperature environment is needed for its infrared 

analyzer. For H atom storage, higher energy levels are 

needed to separate both H atoms from the MgH2 molecule 

intermediate complex. The formation of this intermediate 

complex from the ground reactant molecular system is 

described by Li et al. [20]. The transition states of all 

occurrences that may occur after this intermediate complex 

were determined. These are Mg + H2, MgH + H and Mg + 

H + H. In the case of MgH in the ground electronic state, 

isotopic differences have led to an interesting situation. 

There are 6 isotopomers with three types of isotopes of 

magnesium and isotopes of H atom. Shayesteh et al. [21] 

showed hot-band and fundamental transitions belonging to 

these isotopomers in R and P branch lines. In another study 

of Li et al. [22] calculated a new ab initio potential energy 

surface belonging to Mg+H2MgH2 system. Also, they 

compared to spectroscopic changes of MgH2, MgHD and 

MgD2 in transition state region with isotopic changes of 

atom H.  In a similar study, Staanum et al. [23]focused on 

Mg+ (3p 2P3/2) +HD  MgD+ + H or MgH+ + D reactions 

and examined rare isotopes and short-lived unstable forms. 

In the case of a counter-reaction of the above-mentioned 

reaction, Lique et al. [24] created a real potential energy 
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surface on the formation of MgH2 in the ground and excited 

electronic cases. At the same time, they calculated ground 

and excited potential energies on interaction of Mg (1S) or 

Mg(3P) by H (2S). MgH (X, A, B’) + H (2S) reaction is 

examined by taking account into singlet and triplet spin 

correlations. At the same mechanism that is exoergic, 

Takayanagi et al. [25] examined the roaming dynamics at 

certain times of wave function and quantum dynamics 

calculations at certain rotational and vibrational quantum 

states. MgH’ + H  Mg + H2 (abstraction mechanism) or 

MgH +H’ (exchange mechanism) with modified potential 

energy surface are analyzed by Li et al. [26]. They presented 

that the formation of transition state complex, MgH2, is 

created by roaming transition state, but not tight transition 

one. Tight one causes directly hydrogen abstraction while 

roaming one indirectly causes highly energetic complex. 

Population and cross sections are made by quasi-classical 

trajectory and quantum mechanical methods. In a study 

made recently [27], Einstein coefficients for AX and 

B’X electronic transitions belonging to 24MgH molecule 

are examined. In that study are taken account into 

vibrational quantum numbers (0-11) for ground energy (X 
2∑+) and vibrational quantum numbers (0-3) for the excited 

(A 2∏) state and (0-4) for the excited (B’ 2∑+) state to 

calculate Einstein coefficients via rovibrational lines. In the 

last study, Sanchez et al. [28] showed collisional quantum 

dynamics of MgH+ or MgH- with atom He as depending on 

temperature. In that study are studied cross sections and 

reaction rate constants since ionic state-changing reaction 

changes rotational energy levels.  

This work displays the effects of both neutral and ion 

magnesium to obtain pure H2 molecule, used as hydrogen 

fuel. The MgH2 compound is an important storage system 

for the storage and use of hydrogen gases at any time 

(desired time). The rest of study is firstly tested by basis set 

to be used for related systems and secondly reaction rate 

constants (classical and quantal) and equilibrium constants 

(classical) are computed. The focus of this study is to show 

the effect of the last orbital electron of MgH molecule on 

hydrogen gas formation. 

 

2. Computational Details 

 

In such a study, it is considerable and basis to 

determine accurate electron affinities of atom and molecular 

systems. The ground and excited electronic state 

calculations were solved by means of density function 

theory. In the energetics of molecular orbitals, self-

consistent field (SCF) method was used as convergence 

method. For the dipole polarization tensor, the Coupled-

Perturbed Hartree-Fock (CPHF) equation was used. 

However, excited state orbitals were detected by Time-

dependent self-consistent field (TD-SCF) method. To this 

end, configuration interaction singles (CIS) matrix 

diagonalization was performed [29]. Configuration 

interaction wave function is specified with the sum of 

ground and excited orbital wave functions on related spin 

states. By taking into account the symmetric and 

antisymmetric states in these calculations, the dissociation 

energies and equilibrium bond distances can be easily 

obtained. However, there are some difficulties in 

determining the behavior of the system in the attractive 

interaction zone from the equilibrium distance to the 

dissociation distance. These difficulties are related with 

adapting to experimental results. Contribution of external 

effects in experimental environments, the induction and 

dispersion energies of the system should not be ignored [30-

33]. Considering these effects, changes in electrical dipole 

distributions will also change the oscillation power in 

electronic transitions [1]. In order to obtain the most 

accurate electron affinities in the system of Mg and H2 

molecule, the most suitable DFT base set was detected by 

comparing the ionization energies of the Mg atom and the 

equilibrium bond distances and the dissociation energies of 

MgH molecule and excited states in the product channel. In 

cases where atoms and molecules are very close to each 

other (where the charges of nuclei have a high effect on 

electrons), the using of a large number of base functions that 

allow polarization at high excited energy levels makes the 

results more precise [34]. The electron affinities of these 

molecular systems depend the diffuse functions on orbital 

shifting of the electrons during the dissociation of molecular 

bonds and the formation of new bonds [35]. The use of the 

most appropriate base set is possible with highly correlated 

methods to estimate the limits of the complete basis set [36, 

37]. First, the basic functions of ionization energies, 

including high energy states of the Mg atom, were 

determined. In ionization cases of internal orbits, the base 

set of 6-311G ** (3d, p) appears to be more active than the 

other d and p functions. Up to the third ionization energy, d 

and p functional conditions and 3d and 3p functions had the 

same effective mechanism and therefore the values of the 

augmented sets were more suitable for experimental results 

because of including only valance polarization (pV) 

functions. The ionization energies after the second 

ionization energy of the Mg atom is more than the first two 

ionization energies. This case indicates to behave like an 

atom with its noble gas character. The cases described 

above are shown in more detail in Table 1. 
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Table 1. The ionization energies of Mg atom. The unit of values is electron volt. 

Basis sets MgMg+ Mg+
Mg+2 Mg+2

Mg+3 Mg+3
Mg+4 

6-31G**(d, p) 7.7287 15.4580 82.4612 120.4153 

6-311G** (d, p) 7.7277 15.4631 80.5011 116.2227 

6-311G** (2d, p) “ “ 80.5000 116.2218 

6-311G** (3d, p) “ “ 80.4943 116.2172 

aug-cc-pVDZ 7.7600 15.4189 82.7420 121.1507 

aug-cc-pVTZ 7.7279 15.4836 81.9044 119.2218 

aug-cc-pVQZ 7.7260 15.4885 81.6959 118.5693 

Experimental38 7.6462 15.0352 80.1437 109.2655 

 

. Table2. The dissociation energy, De, and equilibrium bond distance (re) of MgH (magnesium hydride) on excited and ground 

states. 

  Basis sets 
Ground State (X 2∑+) 1. Excited State (A 2∏) 2.Excited State (B’ 2∑+) 

De (eV) re (Å) De(eV) re(Å) De(eV) re(Å) 

6-31G**(d, p) 1.4184 1.7526 1.5244 1.6650 2.0423 1.6856 

6-311G** (d, p) 1.4246 1.7473 1.4991 1.6619 2.0549 1.6783 

6-311G** (2d, p) 1.4371 1.7432 1.5215 1.6742 3.0945 2.3005 

6-311G** (3d, p) 1.4429 1.7411 1.5334 1.6701 3.5603 2.2997 

aug-cc-pVDZ 1.4037 1.7504 1.4882 1.6801 1.5498 1.6704 

aug-cc-pVTZ 1.4418 1.7423 1.5368 1.6671 3.0682 2.3029 

aug-cc-pVQZ 1.4512 1.7392 1.5471 1.6644 0.9562 2.3013 

Experimental7 1.362 1.730 1.698 1.679 1.296 2.596 

 

All auxiliary functions and basis sets belonging to 

DFT function group were tested in this study. However, the 

results that are closest to the experimental values were 

shared in Table 1. The B3LYP function is the most suitable 

DFT function for this operation. If Mg, the system is atomic, 

and the valence electron basis set of the Mg atom is 

examined up to an energy range from the bond energies to 

ionization energy, thus it is determined that aug-cc-pVQZ 

basis set is the most appropriate function. In this study, since 

the Mg atom is only considered as the behavior of the 

valence electron, this function is suitable for Mg in the 

atomic state. 

For MgH molecule, ground and 1st and 2nd 

dissociation energies and equilibrium bonding distance of 

excited electronic states are given in Table 2. The molecular 

system in an experimental environment is under the 

influence of continuously changing dipole moments. This 

dipole moment can also induce the dipoles of the 

surrounding systems. The highest effect of total energy 

called as dispersion energy, the range is the region between 

the equilibrium bond distance and the dissociation distance 

and these energies vary as depending on the polarity of the 

molecule [31]. 

𝐷𝑖𝑠𝑝𝑒𝑟𝑠𝑖𝑜𝑛 𝐸𝑛𝑒𝑟𝑔𝑦 = −
3𝛼2𝐸𝑖

4(4𝜋𝜀)2𝑟6
 

 

Here α is polarizability and 𝐸𝑖 is ionization energy. 

The dispersion energy contributes greatly to the long-

distance attractive interaction regions. Therefore, for the 

MgH molecule, large deviations may occur in the region of 

the dissociation energy, especially in the excited energies. 

On the contrary, in the short-range impulsive energy region, 

there is a situation that reduces the densities of the electron. 

This is also ideal for determining the useful basis function. 

In these ground and excited states, instead of referring to the 

dissociation energy, it is more convenient to use the basis 

function which is close to the equilibrium bond distance that 

is experimental. In this study, the most suitable basis set is 

considered as aug-cc-pVQZ for MgH molecule. Already, 

several studies [39, 40] have supported the use of this base 

set for these molecular groups.  

For the Mg-H-H system, so far, the base functions that 

should be used are discussed. In the following part of the 

study, the effects of linear interaction of H + MgH reaction 

on both neutral and ionic magnesium atoms will be 

discussed. 

 

H +H-Mg  H H Mg   (Dissociation)  H2 + Mg   (H2 

Formation)      (1) 

H+ Mg-H  H-Mg-H    (Directly Association)           (2) 

H + Mg+-H  H-Mg+ + H(H-Exchange) Mg+H2 

(Indirectly Association)    (3) 
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 H+ H-Mg+ H H Mg+ (Dissociation)   Mg+ + H2 (H2 

Formation)      (4) 

 

Reaction (1) represents the case when the H atom 

approaches the MgH molecule by the H atom. System's 

most stable spin state is generated by Triplet state. Before 

the H2 molecule forms in the system, the H atom is 

separated from the MgH molecule. In reaction (2), the 

system performs its most stable formation in the singlet 

state and directly forms the MgH2 molecule. In reactions (3) 

and (4), the system is in a doublet spin state. In reaction (3), 

after H-exchange occurs, MgH2 is formed. In reaction (4), 

H2 molecule is formed after separation of H atom from 

MgH. From these reactions only reactions (1) and (4) are 

discussed to examine, because of strongly allowing the 

formation of the H2 molecule. In these reactions, the Morse 

curves of the most stable energy states of the approaching 

H atom at 0 and 180 degrees are given in Figure1. 

In all of reactions in Figure 1, the H atom approaches 

the MgH molecule. In the case of reaction (1), it is the same 

as situation that two charges having the same spin state 

come close to each other. In such a case the barrier is 

formed. The most effective electrons in the barrier region 

are electrons of H atoms until a stable H2 is formed. After a 

stable H2 molecule occurs, active electronic case (first 

affected by external forces) is on magnesium. If in the 

reaction (4) that is another case which supports H2 

formation, active electrons are also collected on H2 

molecule as well as Mg ion. Global potential energy 

surfaces are used to obtain reaction rate constants with time-

dependent Schrödinger equation in three dimensions for the 

reactions occurring H2. One for neutral reactions (reaction 

(1) and (2)) is used multi-reference configuration 

interaction method with the Davidson correction 

(icMRCI+Q) and the cc-pVnZ (n=3, 4, and 5) basis sets in 

Ref. 26 and if for the other ones (reaction (3) and (4)) ab 

initio calculations are performed on the VQZ basis set (see 

Ref. 40). 

In the Neutral Mg system, the reason of the barrier 

height formed during the approaching H atom is the electron 

of the H atom that wants to leave the Mg atom and that tends 

to interact with the free electron in the Mg atom. This means 

that the leaving H atom has the HOMO (High Occupied 

Molecular Orbital) energy towards the Mg atom. After 

exceeded the barrier, no electrons are seen in the HOMO. 

The same case is not in the ion Mg system. No barrier 

occurs due to an ionized Mg atom. Therefore, the reaction 

rate is also expected to be higher. Although the oscillator 

strength is low in this barrier in the neutral reaction, it is the 

region with the lowest energy electron transition. (459nm). 

However, in the case of ion Mg, the electronic transitions 

emitted are in the UV region.   

 

 
Figure 1. Potential energy surfaces of the H atom 

approaching to MgH molecule at 00 and 1800 for neutral (the 

lower part) and ion (the upper part) magnesium atoms. 0 

degree is the approaching of H atom by Mg and is shown 

with dashed lines. 180 degrees is the approaching of H atom 

by H atom to MgH molecule and it is indicated by a straight 

line. The latter supports H2 formation.  

 

3. Classıcal Reaction Rate Constants (Transition State 

Theory) and Equilibrium constants 

 

The reaction rate constant can be calculated with the 

transition state theory based on the enthalpy changes in the 

reactants and transition states of a reaction. At the same 

time, once considering the entropy and enthalpy in the 

product and reactant regions, equilibrium constants which 

are exponentially inversely proportional to the reaction rate 

constant can be obtained. The reaction rate constant refers 

to the state of the reaction in the desired direction (in one 

direction). The equilibrium constant is considered with the 

reaction and its reverse. The equilibrium constant is a 

dimensionless constant. 

 

3.1. Transition State Theory 

 

In this section only the changes of enthalpies in the 

transition state and the reactants are important. Reaction 
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rate constants obtained by depending on electronic and 

thermal enthalpies values are obtained by using DFT- 

B3LYP method [41, 42] and aug-cc-pVQZ basis set at 

geometries determining reactant and transition regions. 

These values are given in Table 3. Also, transition 

geometric states for neutral and ion magnesium are showed 

in Figure2. 

 

 

 
 

Figure2. The geometries of Transition states for neutral and 

ion magnesium. The atomic distances on the picture are in 

angstrom units. Angles are degrees. 

 

For neutral and ion magnesium, Figure 2 emphasizes 

the geometric distances and angle values of the transition 

state of MgH2. In the neutral mg system on the right side of 

Figure 2, the electrostatic potential energy region caused by 

the free electron in the Mg atom is seen. At the same time, 

this electron prevents the decomposition of the H atom at 

MgH.  So the MgH molecule forms an energy barrier 

around itself. This barrier is between the free H atom and 

the H atom bound to Mg. This is not the case for a free H 

atom from the Mg side. Because it has an electron tending 

to bond at the Mg atom. 

The excited state (3p) of Mg at Table 3 was not needed 

since it has been in product channel. The reverse of the 

present ion reaction was carried out experimentally by 

means of induced excitation reaction with an electron 

bombardment. However, when the ion reaction is 

considered in the present form, it is an endothermic reaction 

that requires external energy. Reaction rate constants were 

calculated by the transition state theory, which takes 

advantage of two stable states of a system moving from 

reactants to activated complex region. According to this 

theory, the system is assumed to be stable at a very small 

distance in the transition state region. Experimentally, let us 

assume that the MgH reactant molecule is numerous in the 

system, the formation of H2 occurs as much as the 

increasing H atom. Vice versa, when the H atom is too 

much, the increasing MgH molecule will cause to increase 

the reaction products at the same rate. 

 

 

Table.3. Reaction rate constants and electronic and thermal enthalpies depending on temperature for reactant and transition 

states. Since the H atom is neutral in the reactant state, it was not worth mentioning additionally in the part of the ion reaction 

parameters. The value is the same in both cases. 

 Neutral Reaction Ion Reaction 

Enthalpies (Hartree) Rate Constants 

(cm3mole-1s-1) 

Enthalpies (Hartree) Rate Constants 

(cm3mole-1s-1) 

Temp.(0K) H MgH TS k(T)  MgH+ TS k(T)  

100 -0.5016 -200.650 -201.135 9.47x10-33 -200.388 -200.895 2.00x10-3 

298.15 -0.5000 -200.648 -201.133 40.6x10-18 -200.386 -200.893 2.73x10-7 

400 -0.4992 -200.646 -201.131 4.56x10-15 -200.385 -200.891 0.93x10-7 

500 -0.4984 -200.645 -201.130 0.72x10-13 -200.384 -200.890 0.51x10-7 

600 -0.4976 -200.644 -201.128 0.46x10-12 -200..383 -200.888 3.50x10-8 

700 -0.4968 -200.643 -201.127 1.83x10-12 -200.381 -200.887 2.68x10-8 

800 -0.4960 -200.641 -201.125 5.16x10-12 -200.380 -200.885 2.21x10-8 

900 -0.4952 -200.640 -201.123 11.56x10-12 -200.379 -200.883 1.92x10-8 

1000 -0.4944 -200.639 -201.122 22.19x10-12 -200.378 -200.882 1.70x10-8 

 
For this reason, the system considered is known as 1st 

degree. Reaction rate equation is written as  
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𝑑 (𝑃𝑟𝑜𝑑𝑢𝑐𝑡)

𝑑𝑡
= 𝑘 [𝑅𝑒𝑎𝑘𝑡𝑎𝑛𝑡𝑠]   (5) 

 

here k is reaction rate constant. Activated complexes in the 

system are MgH2 and MgH2
+. Equilibrium constant 

between reactants and activated complex is 

 

𝐾𝐶 =
[𝑀𝑔𝐻2]/𝑐

[𝐻]/𝑐[𝑀𝑔𝐻]/𝑐
     (6) 

 

where c is standard case concentration and is known as 1.00 

mole/dm3. however, the equilibrium constant is the 

equilibrium constant which is dependent on molarity. This 

is not the equilibrium constant mentioned in title of Section 

3. it will be mentioned at the end of this section. Once 

considered a transition state that is suitable for translation 

motion in one dimension and that exceeds the barrier, by 

using the Maxwell-Boltzmann distribution in one 

dimension, the reaction rate constant equation is obtained as 

follows. Reaction rate constants in Table 3 are calculated 

[43] by  

 

𝑘(𝑇) =  
𝑘𝐵𝑇

ℎ𝑐
 𝑒−∆𝐺/𝑅𝑇    (7)  

 

where kB is Boltzmann constant, R is ideal gas constant and 

T is temperature. ∆𝐺  is electronic and thermal enthalpies 

between reactants and transition state. That is, it is also 

called as free activation energy. These rate values do not 

depend on the masses of atoms in system. This is known as 

the rate of product formation. Reaction rate constant are 

proportional to concentration of reactants. Molhave et. al. 

[44] showed   experimentally the formations of MgH+ and 

its isotope below temperature of 1K because of laser cooled 

Mg+ ions. Theoretically, there is only one MgH2 molecule 

in the system. So it will be necessary to reassess the term 

(1/c) in equation (7). It is necessary to determine the 

concentration for a single molecular system. In order to 

determine the concentration, firstly the molar volumes of 

the neutral and ion states in the transition states in Figure 2 

are obtained. The molar volumes obtained using the same 

base functions are the same for ion and neutral and have a 

value of 25.704 cm3/mol. Total molar masses of two H 

atoms and 1 Mg atoms is 26.327 g / mol. Using this data, 

the transition state gas density is 1.023 g/cm3 (It is known 

that the density of MgH2 in crystal form is 1.45 g/cm3). If 

6.02x1023 MgH2 molecules in 1 mole is found in the volume 

of 25.704 cm3/mol, 1 MgH2 molecule is found in volume of 

4.269x10-23 cm3/molecule. This value is the reverse of the 

volume of the MgH2 molecular system which reaches the 

transition state region and thus contributes to the formation 

of the product molecule. That is 1/c. When this coefficient 

is also taken into account, the unit of reaction rate constant 

coefficient is cm3/(molecule.s). The reaction rate constant 

results obtained as classically are given in Table 3. 

Conical Variational Theory and Improved Conical 

Variational Theory were studied to calculate thermal rate 

constants at atom-molecule collisions. At low temperature 

regions, it was seen that these thermal constants have fairly 

low values. These reactions in three dimensions are I+H2, 

O+H2, Cl+HD and Cl+H2[45, 46]. Reaction rate constants 

for neutral magnesium is also small enough to indicate that 

the reaction is not possible.  

 

3.2. Equilibrium Constants 

 

The reaction rate constant the above-mentioned is 

calculated by the transition state theory. However, the 

equilibrium constant is calculated by considering enthalpies 

and entropies between the product and the reactants. In 

exponential expression in Equation (7), the exponential part 

is known as the equilibrium constant (K). Increased 

equilibrium constant indicates a decrease in reaction rate.  

 

𝐾 = 𝑒−∆G/RT         (8) 

 

Table 4. shows the temperature-dependent 

equilibrium constants using the differences in Gibbs free 

energies in the product and reactant channels for ion and 

neutral magnesium reactions. 

Usually in gas phase reactions, entropy does not affect 

the results of Gibbs free energy. However, it is a highly 

effective factor at high temperatures. In this study, it has an 

effect of less than 1% at 100 K, while it is around 11% at 

1000K. The negative of enthalpy denotes exothermic 

reaction while positive of enthalpy indicates endothermic 

reaction. Therefore, especially in protonation studies, there 

are differences depending on the temperature range 

examined [47-50]. For reaction, here = product- reactant. 

The increase of the calculated equilibrium constant 

indicates that the resulting species are stable. If equilibrium 

constant is not stable, reaction runs in the opposite direction. 

For these reasons theoretical studies are important to predict 

the direction of the reaction. Also it important to predict 

what will happen at different temperatures without 

experiment. In this study, very small equilibrium constant 

values belong to endothermic ion reaction with 1.8 eV 

barrier. This reaction is more suitable in the opposite 

direction. 
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Table 4. ∆H (enthalpies in unit of Hartree), ∆S (entropies in unit of Cal/Mol.K), ∆G (free Gibbs energy in unit of Kcal/Mol) and 

K (Equilibrium constant, which hasn’t any unit) related on product and reactant channel. Here value of K is calculated 

by Equation (8). 

 Neutral Mg System Ion Mg system 

Temp.(0K

) 

∆H ∆S ∆G K ∆H ∆S ∆G K 

100 -0.115695 -6.87 -71.91 2.51x1069 0.080787 -3.91 51.08 4.99x10-50 

298.15 -0.115705 -6.88 -70.55 6.98x1022 0.080788 -3.92 51.86 1.60x10-17 

400 -0.115730 -6.93 -69.84 7.0x1016 0.080771 -3.94 52.25 2.49x10-13 

500 -0.115798 -7.02 -69.15 2.2x1013 0.080728 -4.00 52.65 6.87x10-11 

600 -0.115903 -7.14 -68.44 1.0x1011 0.080655 -4.08 53.06 2.92x10-9 

700 -0.116041 -7.28 -67.72 2.1x109 0.080550 -4.18 53.47 4.2x10-8 

800 -0.116207 -7.41 -66.99 1.1x108 0.080416 -4.29 53.90 3.1x10-7 

900 -0.116392 -7.55 -66.24 1.2x107 0.080262 -4.41 54.33 1.5x10-6 

1000 -0.116587 -7.68 -65.47 2.0x106 0.080094 -4.52 54.78 5.1x10-6 

 

4. Reaction Rate constants (Quantum Mechanically) 

 

To calculate reaction rate constants for atom-diatom 

reactions, there are many of works in literature [51-53]. 

These works have solved time-dependent Schrödinger 

equation by means of Real Wave Packet, using specific 

initial quantum states (vibrational and rotational quantum 

states). The inner quantum states corresponding to this 

study is lowest inner quantum numbers (v=0, j=0). If 

product channel, it is the sum of all available inner quantum 

states. In another words, these reactions are  H + MgH (v=0, 

j=0) H2 (∑v, j) +Mg (neutral reaction) and H + 

HMg+(v=0,j=0)  H2(∑v, j) + Mg+ (ion reaction). Total 

angular momentum quantum number in these calculations 

J, is zero. Wave packet used in calculations is the 

normalized amplitude depending on the energy of Gaussian 

wave packet. Reaction probabilities are obtained with 

solving of time-dependent Schrödinger equation. To be able 

to perform total cross-section calculations, the contributions 

of all total angular momentum must be taken into account. 

To use the j-shifting approach as a simple approach, due to 

the potential energy structure of the subject reaction, does 

not constitute a significant margin of error in the total cross 

section. The assumption underlying the j-shifting approach 

is that the reaction takes place in the transition state and the 

rotation energy EJ of the three atomic molecular systems is 

not enough to overcome the barrier energy of the reaction. 

The advantage of this approach is that it only needs to 

calculate the reaction possibilities for the J = 0 state. For J>0 

states partial reaction probabilities are obtained by 

 

𝑃𝑣𝑗
𝐽 (𝐸𝐶𝑜𝑙) = 𝑃𝑣𝑗

𝐽=0(𝐸𝐶𝑜𝑙 − 𝐸𝐽
∗)   (9) 

 

where value of 𝐸𝐽
∗ (that is, the shifted energy with 

contribution of J) is calculated by 

𝐸𝐽
∗ =

ℏ2

2𝜇𝐵𝐶𝑟2  𝐽(𝐽 + 1)    (10) 

 

The total cross sections are summed over the partial 

total angular momentum quantum states and are obtained by 

the following formula  

𝜎𝑣,𝑗
𝐾 (𝐸) =  

𝜋

𝑘𝑣,𝑗
2 ∑ (2𝐽 + 1)𝑃𝑣,𝑗

𝐽𝐾(𝐸)
𝐽𝑚𝑎𝑥
𝐽   (11) 

Rate constants for specific initial states are calculated 

by a Maxwell-Boltzmann distribution over the collision 

energy [54]. 

 

𝑘𝑣𝑗(𝑇) =  (
8

𝜋𝜇𝑅𝑘3𝑇3)

1

2
∫ 𝑑𝐸𝐶𝑜𝑙𝐸𝑐𝑜𝑙𝑒−

𝐸𝐶𝑜𝑙
𝑘𝑇 𝜎𝑣𝑗

∞

0
(𝐸𝑐𝑜𝑙)  (12) 

Quantum mechanically reaction rate constants are 

only calculated for neutral Mg system. In ion Mg system 

used the potential energy surface of Ref. 40, the obtained 

results are not converged on a single processor. For this 

reason, it is not included to this study. The detailed quantum 

calculation of the ion Mg system can be done using the 

parallel processor calculation. Neutral Mg reaction has both 

classical and quantum mechanical results. Classical ones 

are calculated by DFT method on B3LYP basis set and 

quantum one is calculated by Real Wave Packet method on 

potential energy surface in Ref. 26. In transition state of the 

system, R is 3.36 a.u. (distance of coming H atom to Mg 

atom), r=3.44 a.u. (distance of MgH molecule) and angle is 

55.4 degree on potential energy surface of Ref. 26, while R 

is 3.80 a.u., r is 3.15 a.u. and ve 51.5 degree on DFT. In 

cross-sections calculations, transition distance (distance of 

coming H atom to center of mass of MgH molecule) is 

specified as 2.94 a.u. Figure 3 shows reaction rate constants 

both classical and quantal and equilibrium constants that is 

classical for neutral Mg system. Reaction rate constants 

increase with temperature. Transition state theory has 

highly compatible results with quantum mechanical results 

at high temperatures while it has not at low temperatures. 

The equilibrium constant indicates that the reaction requires 

higher temperatures to reach an equilibrium. The fact that 

the equilibrium constants give an exponentially inversely 
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proportional results to the reaction rate constants obtained 

by the transition state theory shows that an appropriate 

transition state is selected for this reaction. 

 
Figure 3. Reaction Rate constants and Equilibrium 

Constants for Neutral Mg system. 

 

Figure 4 shows reaction rate constants and 

equilibrium constants for ion Mg system. Because of 

convergence problem, it has only classical results. 

According to Figure 4, in the temperature range examined, 

tending of ion reaction to reach thermal equilibrium is better 

than the neutral system. It has a very high reaction rate at 

low temperatures.  

 
Figure 4. Reaction Rate Constants and Equilibrium 

Constants for Ion Mg System. 

 

In Ref. 44 is also experimentally showed to be an 

effective reaction rate. When the neutral and ion states are 

compared with each other, it is seen that the ion reaction 

achieves thermal equilibrium at lower temperatures, 

according to the curve of equilibrium constant, although it 

is endothermic. 

 

5. Conclusion  

 

This work shows the effect of ion and neutral cases of 

a reaction on reaction rate constants. If reaction has a barrier 

and there is a change in its barrier after ionization, 

electrostatic state of the system changes. This change 

effects many of dynamical process, as well as enthalpy 

states. At the same time, this work is a study showing that 

excited alkali metals have the high efficiency at low 

temperatures. The accuracy of the transition state is tested 

by that reaction rate constants compare with equilibrium 

constants. In many studies using enthalpy and entropy, 

information about reaction rate constants can be obtained by 

the help of this study. the dispersion energy-intensive 

ranges are where the Centrifugal barrier is effective. 

Therefore, making calculations in certain total angular 

momentum states can offer a more effective reaction rate 

constant. However, in the high temperature region, classical 

and quantum mechanical results are in good agreement with 

each other. When compared with the neutral reaction, the 

ionic reaction enters the thermal equilibrium at a lower 

temperature. 

 

Declaration of Competing Interest  

 

The authors declared that there is no conflict of interest. 

 

Acknowledgments 

 

The authors are grateful to Bitlis Eren University for 

Gaussian09W and GaussView5.0 Program support and to 

the Scientific and Technological Research Council of 

Turkey for TR-Grid facilities. 

 

References 

 

1- R. P. MAIN, D. J. CARLSON, R. A. DuPUIS, 

Measurement of Oscillator Strengths of the 

MgO(B1∑+-X1∑+) And MgH (A2Π-X2∑+) Band 

System, J. Quant. Spectrosc. Radiat. Transfer 7 (1967) 

805-811. 

2- A. Schadee, The Formation of Molecular Lines in the 

Solar Spectrum, Bull. Astron. Inst. Netherlands 17 

(1964) 311. 

3- W. J. BALFOUR, The electronic Spectrum of 

Magnesium Hydride and Magnesium Deuteride, J. 

Phys. B: Atom, Molec. Phys. 3 (1970) 1749-1757. 



Karabulut et al. Journal of Physical Chemistry and Functional Materials 
 

104 

 

4- Walter J. BALFOUR, Hugh M. CARTWRIGHT, The 

Ground State and A2Π Excited State of Magnesium 

Deuteride, Cana. J. Phys. 53 (1975) 1477-1482. 

5- W. J. BALFOUR, H. M. CARTWRIGHT, Low-Lying 

Electronic states of Magnesium Hydride, Chem. Phys. 

Lett. 32 (1) (1975) 82-85. 

6- W. J. BALFOUR, B. LINDGREN, High- Resolution 

Emission Spectra of MgH and MgD in the 600 to 850 

nm Wavelength Region, Cana. J. Phys. 56 (1978) 767. 

7-  R. P. Saxon, K. Kirby, B. Liu, Ab-initio 

Configuration Interaction Study of the Lowing 

Electronic States of MgH, J. Chem. Phys. 69 (12) 

(1978). 

8- K. Kirby, R. P. Saxon, B. Liu, Oscillator Strengths and 

Photo-dissociation Cross Sections In the XA and 

XB’ Band Systems In MgH, The Astrophysical 

Journal 231 (1979) 637-641. 

9- N. Adams, W. H. Breckenridge, J. Simons, A 

Theoretical Study of the Reaction of Mg (3s3p 3P) 

With H2, Chemical Physics 56 (1981) 327-335. 

10- P. F. Bernath, J. H. Black, J. W. Brault, The Spectrum 

of Magnesium Hydride, The Astrophysical Journal, 

298 (1985) 375-381. 

11- W. H. Breckenridge, J.- H. Wang, Dynamics of The 

Reactions of Mg (3s3p 1P1) With H2, HD, And D2: 

Rotational Quantum State Distributions of MgH 

(MgD) Products, Chemical Physics Letters 137 (3) 

(1987) 195-200. 

12- D.-K. Liu, T.-L. Chin, Y.-R. Ou, Reaction Dynamics 

of Mg (3s3p 1P1) With H2, Journal of the Chinese 

Chemical Society 42 (1995) 293-302. 

13- D.-K. Lin, K.- C. Lin, Reaction Dynamics of Mg 

(31P1, 41S0) With H2: Insertion Versus Harpoon 

Mechanism, Chem. Phys. Lett. 274 (1997) 37-40.  

14- L. Wallace, K. Hinkle, G. Li, P. Bernath, The MgH 

B’2∑+-X2∑+ Transition: A New Tool for Studying 

Magnesium Isotope Abundances, The Astrophysical 

Journal 524 (1999) 454-461. 

15- D.-K. Liu, K.-C. Lin, Reaction Dynamics of Mg (3s4s 
1S0) with H2: Interference of the MgH Product 

Contribution from the Lower Mg (3s3p 1P1) State, 

Chemical Physics Letters 304 (1999) 336-342. 

16- Y.-R. Ou, Y.-M. Hung, K.-C. Lin, Quasiclassical 

Trajectory Study of Mg (3s3p 1P1) + H2 Reaction on 

Fitted ab Initio Surfaces, J. Phys. Chem. A 103 (1999) 

7938-7948. 

17- D.-K. Liu, K.-C. Lin, J.-J. Chen, Reaction Dynamics 

of Mg (4 1S0, 3 1D2) with H2: Harpoon-Type 

Mechanism for Highly Excited States, Journal of 

Chemical Physics 113 (13) (2000) 5302-5310. 

18- Y.-M. Hung, K.-C. Lin, Quasiclassical Trajectory 

Calculations of Mg (3s3p 1P1) + H2 (v=0, N=1) 

MgH (v, N) + H: Trajectory and Angular Momentum 

Analysis on Improved ab Initio Potential Energy 

Surfaces, J. Phys. Chem. A 105 (2001) 41-47. 

19- A. Shayesteh, D.R.T. Appadoo, I. Gordon, P. F. 

Bernath, The vibration- Rotation Emission Spectrum 

of MgH2, Journal of Chemical Physics 119 (15) 

(2003). 

20- H. Li, D. Xie, H. Guo, An ab initio Potential Energy 

Surface and Vibrational States of MgH2(1 1A’), 

Journal of Chemical Physics 121 (9) (2004) 4156-

4163. 

21- A. Shayesteh, D. R. T. Appadoo, I. Gordon, R. J. Le 

Roy, P. F. Bernath, Fourier Transform Infrared 

Emission spectra of MgH and MgD, Journal of 

Chemical Physics 120 (21) (2004) 10002-10008. 

22- H. Li, R. J. L. Roy, Spectroscopic Properties of MgH2, 

MgD2 and MgHD Calculated from a New ab Initio 

Potential Energy Surface, J. Phys. Chem. A 111 

(2007) 6248-6255. 

23- P. F. Staanum, K. Hojbjerre, R. Wester, M. Drewsen, 

Probing Isotope Effects in Chemical Reactions Using 

Single Ions, Physical Review Letters PRL 100 (2008) 

243003. 

24- D. B. Abdallah, F. Najar, N. Jaidane, Z. B. Lakhdar, 

N. Feautrier, A. Spielfiedel, F. Lique, Ab Initio 

Potential Energy Surfaces for the 1A’ and 3A’ States of 

the MgH (X2∑+) + H(2S) System, Chemical Physics 

Letters 473 (2009) 39-42. 

25- T. Takayanagi, T. Tanaka, Roaming Dynamics in the 

MgH + H Mg + H2 Reaction: Quantum Dynamics 

Calculations, Chemical Physics Letters 504 (2011) 

130-135. 

26- A. Li, J. Li, H. Guo, Quantum Manifestation of 

Roaming in H + MgH  Mg + H2: The Birth of 

Roaming Resonances, The Journal of Physical 

Chemistry A 117 (2013) 5052-5060. 

27- E. G. Nezhad, A. Shayesteh, P. F. Bernath, Einstein A 

Coefficients for Rovibronic Lines of the A 2∏ X 2∑+ 

and B’ 2∑+
 X 2∑+ Transitions of MgH, MNRAS 432 

(2013) 2043-2047. 

28- L. Gonzalez-Sanchez, S. Gomez-Carrasco, A. M. 

Santadaria, R. Wester, F. A. Gianturco, Collisional 

Quantum Dynamics for MgH- (1∑+) with He as a 

Buffer Gas: Ionic State-Changing Reaction in Cold 

Traps, Frontiers in Chemistry 7 (2019) 1-16. 

29- J. Zeng, H. Zhang, Theory and Application of 

Quantum Molecular Dynamics, World Scientific 

Publishing Co. Pte. Ltd., Singapure 912805, 1999. 

30- A. Hinchliffe, Modelling Molecular Structure, John 

Wiley & Sons., Ltd., Baffins Lane, Chiehester, West 

Sussex PO19 1UD, England, 2000.  

31- M. Rigby, E. B. Smith, W. A. Wakeham, G. C. 

Maitland, Oxford University Press, Walton Street, 

Oxford OX26 DP, 1986. 

32- A. T.B. Gilbert, N. A. Besley, and P. M. W. Gill, Self-

Consistent Field Calculations of Excited States Using 

the Maximum Overlap Method (MOM), J. Phys. 

Chem. A 112 (2008) 13164-13171. 

33- W. Wang, Y. Zhang, T. Sun, Y.-B. Wang, On the 

Nature of the Stacking Interaction Between Two 

Graphen Layers, Chemical Physics Letters 620 (2015) 

46-49. 

34- R. A. Kendall, T. H. Dunning, R. J. Harrison, Electron 

Affinities of the first Row Atoms Revisited. 

Systematic Basis Set and Wave Functions, J. Chem. 

Phys. 96 (1992) 6769. 



Karabulut et al. Journal of Physical Chemistry and Functional Materials 
 

105 

 

35- D. E. Woon, T. H. Dunning, Gaussian Basis Sets for 

Use in Correlated Molecular Calculations. III. The 

Atoms Aluminum Through Argon, J. Chem. Phys. 98 

(1993) 1358. 

36- K. A. Peterson, D. E. Woon, T. H. Dunning, 

Benchmark Calculations with Correlated Molecular 

Wave Functions. IV. The Classical Barrier Height of 

the H+ H2  H2 + H Reaction, J. Chem. Phys. 100 

(1994) 7410. 

37- A. K. Wilson, T. V. Mourik, T. H. Dunning, Jr., 

Gaussian Basis Sets for Use in Correlated Molecular 

Calculations. VI. Sextuple Zeta Correlation Consistent 

Basis Sets for Boron Through Neon, journal of 

Molecular Structure 388 (1996) 339-349. 

38- V. Kaufman, W. C. Martin, Wavelengths and Energy 

Level Classifications of Magnesium Spectra for All 

Stages of Ionization (Mg I Through Mg XII), Journal 

of Physical and Chemical Reference Data 20 (1991) 

83. 

39- Y. Zhang, J. Wang, W. Li, New Global Potential 

Energy Surface of the MgH2 System and Dynamics 

Studies of the Reaction H + MgH Mg+H2, Int. J. 

Quantum Chem. e25687 (2018)  1-11. 

40- J. Yuan, D. He, S. Wang, M. Chen, K. Han, Diabatic 

Potential Energy Surface of MgH2
+ and Dynamic 

Studies for the Mg+(3p) + H2 MgH+ + H Reaction, 

Phys. Chem. Chem. Phys. 20 (2018) 6638. 

41- M.J. Frisch, G.W. Trucks, H.B. Schlegel, G.E. 

Scuseria, M.A. Robb, J.R. Cheeseman, G. Scalmani, 

V. Barone, B. Mennucci, G.A. Petersson, H. 

Nakatsuji, M. Caricato, X. Li,H.P. Hratchian, A.F. 

Izmaylov, J. Bloino, G. Zheng, J.L. Sonnenberg, M. 

Hada, M. Ehara, K. Toyota, R. Fukuda, J. Hasegawa, 

M. Ishida, T. Nakajima, Y. Honda, O. Kitao, H. Nakai, 

T. Vreven, J.A. Montgomery Jr., J.E. Peralta, F. 

Ogliaro, M. Bearpark, J.J. Heyd, E. Brothers, K.N. 

Kudin, V.N. Staroverov, R. Kobayashi, J. Normand, 

K. Raghavachari, A. Rendell, J.C. Burant, S.S. 

Iyengar, J. Tomasi, M. Cossi, N. Rega, J.M. Millam, 

M. Klene, J.E. Knox, J.B. Cross, V. Bakken, C. 

Adamo, J. Jaramillo, R. Gomperts, R.E. Stratmann, O. 

Yazyev, A.J. Austin, R. Cammi, C. Pomelli, J.W. 

Ochterski, R.L. Martin, K. Morokuma, V.G. 

Zakrzewski, G.A. Voth, P. Salvador, J.J. Dannenberg, 

S. Dapprich, A.D. Daniels, O. Farkas, J.B. Foresman, 

J.V. Ortiz, J. Cioslowski, D.J. Fox, Gaussian 09, 

Revision A.1, Gaussian Inc., Wallingford CT, 2009. 

42- GaussView, Version 5., R. Dennington, T. Keith and 

J. Milam, SemichemInc.,Shawnee Mission KS, 2009. 

43- D. A. McQuarrie, J. D. Simon, Physical Chemistry a 

Molecular Approach, University Science Books, 

Sausalito, California, CA 94965 (1997) 1127. 

44- K. Molhave, M. Drewsen, Formation of translationally 

Cold MgH+ and MgD+ Molecules in an Ion Trap, 

Physical Review A 62 011401(R) 1-4. 

45- B. C. Garrett, D. G. Truhlar, R. S. Grev, and A. W. 

Magnuson, Improved Treatment of Threshold 

Contributions in Variational Transition-State Theory, 

J. Phys. Chem. 84 (1980) 1730-1748.  

46- D. G. Truhlar, B. C. Garrett, S. J. Klippenstein, 

Current Status of Transition- State Theory, J. Phys. 

Chem. 100 (1996) 12771-12800. 

47- P. Hazarika, R.L. Sarma, M. Karim B. Bezbaruah, 

R.Kalita C. Mehdi, Prediction of pKa from basic 

principles: Ab initio and DFT studies on some 

molecules, Indian Journal of  Chemistry 48A (2009) 

520-525. 

48- B. Vipperla,   T.M. Griffiths,    X. Wang  Y. Haibo, 

Theoretical pKa prediction of the α-phosphate moiety 

of uridine 5′-diphosphate-GlcNAc, Chemical Physics 

Letters 667 (2017) 220-225. 

49- J. Zanganeh, M. Altarawneh, I. Saraireh S. Namazi, J. 

Zanganeh, Theoretical study on thermochemical 

parameters and pKa values for fluorinated isomers of 

toluene, Computational and Theoretical Chemistry 

1011 (2013) 21-29. 

50- B.G.Choobar, A.G. Shomami, Theoretical calculation 

of pKa values of the Nortryptiline and Amitryptiline 

drugs in aqueous and non-aqueous solvents, 

Computational and Theoretical Chemistry 

1018 (2013) 66-70. 

51- N. Bulut, O. Roncero, M. Jorfi, P. Honvault, Accurate 

Time Dependent Wave Packet Calculations for N + 

OH Reaction, Journal of Chemical Physics 135 (2011) 

104307. 

52- F. Gogtas, N. Bulut, S. Akpinar, Quantum Wave 

Packet Calculation of Reaction Probabilities, Cross 

Sections, and Rate constants for the C(1D) + HD 

Reaction, International Journal of Quantum Chemistry 

105(5) (2005) 478-484. 

53- S. Akpinar, S. Surucu Hekim, the effect of the Coriolis 

Coupling on H+ ND Reaction: A Time Dependent 

Wave Packet Study, Chemical Physics Letters 578 

(2013) 21-27. 

54- F. Gogtas, N. Bulut, Quantum wave Packet Study of 

N(2D) + H2 Reactive Scattering, International Journal 

of Quantum Chemistry 106 (4) (2006) 833-838. 

 

https://www.sciencedirect.com/science/article/pii/S2210271X13002363#!
https://www.sciencedirect.com/science/journal/2210271X/1018/supp/C

