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Abstract
Alanine is a transfer standard dosimeter using in gamma-ray and electron beam calibration. One of the important factor affecting its dosimetric response is amount of humidity which can deviate the dosimetry expert from the exact value of absorbed doses. Ab initio molecular dynamics calculations were performed to determine the environmental effects on the EPR parameters of L-α-Alanine radicals in acidic and alkaline solutions. Similar to the closed-shell amino acid molecule alanine, the zwitterionic form of alanine radical is the stable form in the gas phase while the non-zwitterionic neutral alanine radical is not a stable structure. Geometric and EPR parameters of radicals in both gas and solution phases are found to be dependent on hydrogen bonding of water molecules with the polar groups and by dynamic solvation. Calculations on the optimized free radicals in the gas phase revealed that for neutral radical, hydrogen bonding to water molecules drives a decrease in the magnitudes of g-tensor components gxx and gyy without affecting neither gzz component nor the HFCCs. For the transfer from the gas to solution phase of the alanine radical anion is accompanied with an increase in the spin density on the carboxylic group’s oxygen atoms. However, for the neutral radical, this transfer from gas to solution phase is accompanied with the decrease in the spin density on oxygen atoms. Calculated isotropic HFCCs and g-tensor of all radicals were in good agreement with their experimental counterparts in both acidic and alkaline solutions, which enhances the confidence in our calculated results. 
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1. Introduction
Alanine, one of the 20 genetically encoded amino acids, is particularly useful in radiation dosimetry, especially its pure L enantiomer, L-α-Ala [1] (Scheme 1). While the L and the D forms (or the racemic mixture) of α-Ala can be used in dosimetry [2], this study focuses on the L-enantiomer for the sake of simplicity in the interpretation of the results. No qualitative or quantitative difference are expected for the D enantiomer or the racemic mixture [2]. The so-called “alanine dosimetry system” is extremely useful for measuring the cumulative radiation dose over long periods.
Alanine has been the most common substance used for electron paramagnetic resonance (EPR) dosimetry in the last 20 years [3]. Since 1962 alanine has been used in radiation dosimetry [4]. The first accurate dosimetric results using alanine in high-energy photons can be traced back to the activities of GSF Research Institute in Munich, Germany, between 1973 and 1974. During the years of 1952 and 1971 scientists had done research on solid organic compounds for radiation detection [5, 6]. The EPR signal from the amino acid L-a-alanine exposed to ionizing radiation shows an applicable relationship with the absorbed dose, and the radicals fade very slowly [7-9].
Generally, this technique represents the best method to achieve an accurate proportionality between the concentration of free radicals induced in the material due to the radiation, which was characterized by the amplitude, and the radiation dose. Dosimetry based on the EPR analysis of radiation induced free radicals in amino acids (L-alanine) is relevant to biological dosimetry application. 
Alanine dosimetry technique is suitable because of high stability of the EPR signal and the wide dose range, thus this is a transfer standard dosimeter using in gamma-ray and electron beam calibration [10].
<Scheme 1>
Electron paramagnetic resonance spectroscopy (EPR), also known as or electron spin resonance spectroscopy (ESR) [11], has numerous applications including in radiation dosimetry [1]. L-α-Ala crystals of well controlled (narrow) size range are mixed with an EPR-silent matrix into pellets and the long-lived radicals that result from the irradiation of L-α-Ala then provide the signal used to measure the absorbed radiation dose [1]. 
Because of long life time, only slight dependence on temperature, humidity, and light, L-α-Ala is ideal for EPR dosimeters [8, 12-15]. In addition, and importantly, L-α-Ala has a good dose-yield ratio in calibrated alanine dosimeters, and a linear response over a wide dose range [16-18]. In the abstract of his chapter (chapter 13 from Ref. [1]), Desrosiers describes the field in 2014 by asserting that “over the past 50 years alanine dosimetry has been transformed from an art to a state-of-the-art technology that serves the metrology specialist as well as the industrial technicians” [1]. 
An analysis of the experimental spectrum can yield the g-tensor and the hyperfine coupling constants (HFCC) of magnetic nuclei. The HFCC and g-tensor characterize each free radical and, due to their sensitivity to intermolecular hydrogen bonding, EPR can provide valuable information about free radical structure and intermolecular interactions in different phases [19-20]. These EPR parameters can be obtained for L-α-Ala from theory [21-26] (mainly in the gas [21-23] or solid [24-26] phases) and from experiment [27-29]. Meanwhile, the theoretical calculation of EPR parameters in the solution phase for different types of radicals by ab initio molecular dynamics (MD) have attracted considerable interest in recent years [30-34]. To the best of the authors’ knowledge, no ab initio molecular dynamics predictions of the EPR parameters of L-α-Ala radicals in the solution phase has ever been reported. This is the gap in knowledge this paper is filling and, as will become apparent shortly, can be of considerable importance in the practice of radiation dosimetry. Such studies are important for following reasons. 1) They provide important information on intermolecular interactions of free radicals formed by amino acids under conditions that would be important for radiation therapy. 2) Understanding such interactions and their impact on EPR parameters may lead to design of better radiation dosimetry methods. 3) Considering the roles of free radicals in many diseases, they can lead to better understanding of chemical mechanisms involved in diseases.







EPR studies suggest that the irradiation of alanine-solutions yields H3N+CH(C•H2)COO- (, the neutral zwitterionic radical) and  H2NC•(CH3)COO- (, the radical anion) in acidic and alkali solutions, respectively [27-28]. In acidic solutions radical can transfer the proton of the amino group to the carboxyl group to yield H2NCH(C•H2)COOH (, the non-zwitterionic neutral radical). This effect is similar to that observed for glycine radicals in acidic solution [32]. Structures and atom labels of ,  and  radicals are showed in Fig. 1.   
<Fig. 1>
The present study will report the calculated structures and EPR parameters of radicals in acidic and alkaline solutions and compare the results of the calculations to the available experimental data [27-28]. In this regard, ab initio molecular dynamics simulations were performed to investigate the effect of the pattern of hydrogen bonding of water molecules and its temperature-induced changes in solution on the EPR parameters of the radicals. 
The paper is organized as follows: In Section 2, the ab initio molecular dynamics method for calculation of EPR parameters is presented. In the next section, we present the results for structure and EPR parameters of radicals and the conclusion is made in section 4 in connection with radiation dosimetry. 

2. Computational Aspects
2.1 MD Simulations
The CP2K code [35] was used to perform the ab initio MD simulations that were conducted using the Perdew-Burke-Ernzerhof (PBE) exchange-correlation functional [36]. Gaussian and plane waves (GPW) procedure was used in all MD simulations, employing a DZVP basis set [37] and a plane wave charge density cut-off of 320 Ry with GTH pseudo potentials [38]. The systems were equilibrated for approximately 1.5 ps. A total time of 4 ps was considered for each trajectory, which contained 2000 snapshots (2 fs per snapshot) for radicals. The configuration of the system in aqueous solution was constructed from 55 water molecules and 1 free radical (Fig. 2) at a periodic unit cell of size 12.0×12.0×12.0 Å3. A CSVR thermostat [39] was applied along with an NVT ensemble at room temperature (300 K).
<Fig. 2>
2.2 EPR simulation
The EPR parameters of L-α-Ala radicals in acidic and alkaline solutions are computed by extracting a sufficient number of representative frames. The computed parameters are averaged and are compared with the experimental data recorded in solution [27-28]. 200 snapshots were extracted along the MD simulations in order to calculate the g-tensor and the hyperfine coupling constants (HFCCs) using the gauge-including projector augmented plane wave (GIPAW) approach [40] as implemented in the QE software packages [40]. 
In the framework of density functional theory (DFT), the Perdew-Burke-Ernzerhof (PBE) exchange-correlation functional has been used for the present calculations [36]. GIPAW pseudopotentials are used and Kohn-Sham wave functions are expanded in a basis of plane waves up to a kinetic cutoff of 50 Ry [41]. Considering the perturbation theory, the g-tensor can be expressed as [42] 

							       (1)



where ge is value for the free-electron (ge = 2.0023193). and are introduced as relativistic mass and gauge corrections respectively which have weak contributions to the g-tensor so that their contributions can be ignored [43]. The main reason for the inclusion of the term in Eq. 1 is to account for the coupling of the orbital Zeeman (OZ) and the spin-orbit coupling (SOC) which is given by [44]:
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where is Bohr magneton;  is the spin angular momentum of nucleus , define the position of electron i with respect to the position of nucleus , is the proton number of nuclei; is the spin angular momentum vector of electron j; and are the unperturbed wave-function of the ground state and the nth excited state associated with the energies and respectively.

The HFCC tensor, describing the interaction between spins of unpaired electron and with neighboring nuclear-dipole moments can be divided into two main categories: The isotropic Fermi contact interaction and the anisotropic dipole-dipole interactions. Since, anisotropic part of the HFCC tensor in the dilute and homogenous solution can be neglected, only the isotropic Fermi contact term is considered. The contribution from the Fermi-contact HFCC operator is given by [45]:

 				       (3)


where the quantities and describe g factor and magneton of the nucleus, respectively. 



To decouple the effect of solvation, calculations in the solvent (capturing the effects of hydrogen bonding with the water molecules and dynamic solvation on the g-tensor components and HFCCs) are compared with gas-phase calculations. This has been repeated for isolated and  radicals in the gas phase, but a stable radical could not be obtained in the gas phase using our level of theory.
3. Results and Discussion
3.1. The Instability of the Zwitterionic Radicals of Alanine in the Gas-Phase

The absence of a stable zwitterionic radicals () of Ala has never been reported in the literature to the best of the authors’ knowledge. While this is a completely new result as such, it is not dissimilar to the well-known instability of zwitterionic closed-shell amino acids (and in particular of Ala [46-47]) in the gas phase. Only in solution or crystalline phases or through ion bridges in the gas phase [48] are the zwitterionic forms of amino acid stable enough to be detected experimentally. It appears that radical Ala follows the same pattern of behavior and can only exist as a non-zwitterionic species in the gas-phase.
3.2. Structural Dynamics of Hydrogen Bonding



Table 1 compares averaged calculated geometrical parameters of the radicals in aqueous solution and in gas phase. The listing in the table demonstrates substantial changes in bond lengths and angles upon transferring from the gas to the solution phase. In Table 2, the magnetic moments (MM) of the, and radicals in gas phase and solution phase are compared. Because of combination of hydrogen bonds associated with the polar -NH2, -NH3 and -COO(H) groups, solvent configuration around the radical and leads to the changes of the geometry. 
<Table 1>
<Table 2>






A good descriptor of the hydrogen bonded structure with water molecules around a solute is the radial distribution function (RDF) of the hydrogen bonds around the O1 and O2 oxygens displayed graphically in Fig. 3 while the average numbers of the hydrogen bonds with water molecules are listed in Table 3. The listings in the table suggest that , and radicals have approximately similar number of hydrogen bonds around the carboxyl group and that the number of hydrogen bonds around the amino group forradical is more than that around the and radicals. 








The average observed number of water molecules in the first hydration shell for , and radicals are 6.21, 6.96 and 5.92, respectively. The solvation structure for  and  radicals shows that O1 and O2 oxygens have hydrogen bonds of approximately the same strength centered at 1.74 Å and 1.62 Å for the radical and at 1.65 Å and 1.74 Å for  radical, respectively. However, the solvation structure for the  radical shows that O1 oxygen has a stronger hydrogen bond than O2 oxygen, centered, respectively, at 1.86 Å and 4.38 Å. 
<Table 3>
<Fig. 3>
3.2. Effect of Hydrogen Bonding on EPR spectral parameters 


Experimental results suggest that EPR spectra are more sensitive to the HFCC of the nitrogen atom and of the hydrogen atoms of the amino- and methyl-groups in acidic solution. In addition, EPR spectra are more sensitive to HFCC of the nitrogen atom, the -hydrogen atom, and the hydrogen atoms of methyl group in alkali solution. Figs. 4 and 5 show the average of the g-tensor and the HFCC of the atoms considering 200 snapshots along the trajectory and optimization structure in the gas phase radicals, respectively. The solvent induces an increase in gxx (435 ppm) and in gyy (199 ppm) for the  radicals but does not have a similarly significant effect on their gzz (-84 ppm). Meanwhile, solvation decreases the HFCCs [N (-9.84 MHz), Havg.(amino) (-28.50 MHz) and Havg.(methyl) (-12.27 MHz)]. 

For  radicals, on the other hand, solvation decreases gxx (-163 ppm) and gyy (-116 ppm) and have no significant effects on neither gzz (+13 ppm) nor on the HFCC of N (-2.55 MHz), of Havg.(amino) (+0.76 MHz), and of Hα (+0.67 MHz)]. According to previous studies [18-25] and consistent with Eqns. (2) and (3), the values of gxx, gyy, and of atomic HFCC are strongly dependent on the geometric parameters and on spin density.
<Fig. 4>
<Fig. 5>










As can be seen from Eq. (2), the main contribution of g-tensor components is spin-orbit coupling. Considering the directions of the g-tensor components (Fig. 1) and the shape of the spin density iso-surface, we observe significant contributions from gxx and gyy but a negligible contribution from gzz, yielding the following order: gxx > gyy > gzz (negligible). The greater value of the spin density iso-surface of  radical in comparison with that for the  and  radicals (Fig. 1) we can argue that the values of the g-tensor components of the  radical are greater. It may be concluded from the results displayed in Fig. 5 and listed in Table 2 that the transfer from the gas to the solution phase is accompanied by a decrease in the HFCC of atoms for radical since it exhibits a lower spin density than the gas phase. In contrast, the radical exhibits a spin density that remains quasi-constant on passing from the gas to the solution phase and this is accompanied by the constancy of the HFCC of the atoms of this radical. In the  radicals, the oxygens of carboxyl groups have more spin-orbit coupling due to the highest spin-density on the oxygen atoms. This leads to an increase in g values in  radical compared to their values for and , in agreement with previous work such as in Ref. [30].






Variations of the spin density distribution on the oxygen atoms (which have the most spin-orbital coupling) results in substantial variation of the gxx and gyy components. Fig. 6 shows variation of g-tensor components versus the magnetic moment of the oxygen atoms of the carboxylic groups in the ,  and  radicals. From the figure, the gxx (gyy) components have a linear dependence with Pearson correlation coefficients of 0.86 (0.76), 0.85 (0.43) and 0.80 (0.73) on the magnetic moment of the oxygen atom for the ,  and  radicals, respectively. In contrast, it is found that the gzz component is not linearly correlated with the magnetic moment of the oxygen atoms of the carboxyl group as the data exhibit a marked scatter. The little change of the gzz component is probably due to some spin-orbital coupling of the oxygen atoms of the water molecules (since these oxygen atoms form hydrogen bonds with the radicals toward direction of the magnetic moment). 


Therefore, in the case of  radical, the transfer from the gas to the solution phases results in an increase in the spin density of the oxygen atoms of the carboxyl groups (Table 2) and, consequently, a concomitant increase in the gxx and gyy components. On the contrary, the  radical this inter-phase transfer results in the reduction of the gxx and the gyy components due to a decrease in the spin density on the oxygen atoms (Table 2). 
<Fig. 6>



The HFCCs is known to depend on the spin density at the nuclei of the atom and is a direct measure of unpaired electron delocalization through the Fermi contact term, dominant for s-electrons (the only orbitals with a maximum rather than a node at the nucleus) - (see discussions in Refs. [49-50]). Fig. 7 shows the correlation of the HFCC of the methyl group and its magnetic moment for , and  radicals with a linear Pearson correlation coefficient of 0.97. 
<Fig. 7>
<Table 4>

Table 4 collects the MD-averaged calculated isotropic HFCC and g-tensors for radicals along with their experimental counterparts in acidic and alkaline solutions [27-28]. In the case of the alkaline pH (11-13.5), the calculated HFCC for the N atom and for the methyl group are in good agreement with experiment. A similarly good agreement also exists between the calculated and experimental HFCC of amino group and the isotropic giso. 




At acidic pH (2.5-5), the calculated HFCC of the N atom and of the methyl group for the  have better agreement with the experiment compared to the results obtained for the  radical. On the other hand, the calculation giso and the HFCC for the Hα atom of  is in better agreement with the experimental results. Therefore, both radicals can exist in acid solution.

4. Conclusions






Ab initio MD simulations were carried out to determine the environmental and temperature effects on EPR parameters of L-α-Ala radicals in acidic and alkali solutions and compared with the experimental data. Geometrical parameters of all radicals in both gas and solution phases clearly demonstrated substantial changes in bond lengths and angles upon transferring from gas to solution phase. It is found that similar to the amino acid alanine, the zwitterionic form is the stable form of this radical in the gas phase just as the well-known result for the closed-shell amino acid. In addition, the magnetic moments of all radicals in both gas and solution phases suggest that the combinations of hydrogen bonds associated with the polar -NH2, -NH3 and -COO(H) groups are driving the arrangement of the solvent molecules around the radicals. Besides, it is found that all radicals had similar number of hydrogen bonds around the carboxyl group while the number of hydrogen bonds around the amino group forradical is more than those around and radicals. Furthermore, the solvation structure for  and  radicals is such that the hydrogen bonds involving O1 and O2 are of approximately the same strength whereas, in the case of the  radical, O1 had stronger hydrogen bond than O2. 
The g-tensor components have characteristic functional dependence on the magnetic moment of the oxygen atoms of the carboxylic groups for all radicals. Thus, it is found that the gxx (gyy) components have a strong linear dependence on this magnetic moment for all radicals, while the gzz component exhibits not such correlation. The lack of dependence of the gzz component on the magnetic moment may be due to the smallness of the magnitude of the spin-orbital coupling of the oxygen atoms of the water molecules. 



The HFCC of the methyl group is found to strongly depend on the magnetic moment for all radicals with a linear correlation coefficient of almost unity. The transfer from the gas to the solution phase is accompanied by a decrease in the HFCC of atoms in solution phase compared to the gas phase in the case of the radical since it exhibited a lower spin density in solution phase compared to the gas phase. The radical exhibit a spin density that remained quasi-constant on passing from the gas to the solution phase which is accompanied by a constancy of the HFCC of the atoms of  radical. 



Isotropic hyperfine coupling and g-tensor of all radicals were compared with their experimental counterparts in acidic and alkaline solutions. In the case of the alkaline, the calculated HFCC and giso for the nitrogen atom, the methyl group, and the amino group, are all in good agreement with experiment, which supports the high-quality claim of our calculations and results. Under acidic solution, the calculated HFCCs of the nitrogen atom and the methyl group for the  have a better agreement with experiment compared to the corresponding results for the  radical. However, the calculated giso and HFCC for the Hα atom of  shows a better agreement with experimental results. 
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Table 1. Geometrical parameters of the, and  radicals in gas and in 
solution phases: Bond Lengths in Å
	
	Gas phase
	
	MD average

	Coordinate
	

	

	
	

	

	


	C1-O1
	1.291
	1.216
	
	1.312±0.033
	1.268±0.023
	1.248±0.024

	C1-O2
	1.277
	1.368
	
	1.302±0.029
	1.269±0.022
	1.320±0.039

	C1-C2
	1.489
	1.535
	
	1.453±0.032
	1.567±0.038
	1.541±0.037

	N-C2
	1.406
	1.462
	
	1.381±0.031
	1.520±0.040
	1.486±0.034

	C2-C3
	1.485
	1.494
	
	1.498±0.037
	1.490±0.037
	1.503±0.037

	C2-Hα
	-
	1.112
	
	-
	1.118±0.060
	1.123±0.062

	N-H1
	1.027
	1.022
	
	1.028±0.025
	1.058±0.037
	1.0324±0.019

	N-H2
	1.036
	1.023
	
	1.031±0.027
	1.056±0.025
	1.032±0.022

	O1-C1-O2
	127.914
	123.621
	
	122.135±3.301
	126.642±2.914
	123.763±2.686

	C1-C2-N
	116.903
	109.541
	
	118.487±3.319
	109.172±3.098
	109.636±3.143

	HαC2C1O1
	-
	131.917
	
	-
	116.195±12.236
	134.459±18.891

	C1C2NH1
	168.631
	165.528
	
	164.698±8.965
	151.413±12.563
	102.938±19.378

	C1C2C3H4
	234.749
	78.678
	
	250.228±36.038
	265.263±28.014
	94.760±29.684

























Table 2. MM of the , and radicals in gas phase and in solution
[bookmark: _GoBack]




	
	Gas phase 
	MD average 

	
	

	

	

	

	


	C1
	-0.0059
	0.0129
	0.0192±0.0056
	0.0097± 0.0040
	0.0138± 0.0038

	C2
	0.1348
	-0.0071
	0.0926±0.0112
	-0.0070±0.0011
	-0.0071± 0.0014

	C3
	-0.0074
	0.1679
	-0.0064±0.0011
	0.1581±0.0082
	0.1581± 0.0095

	O1
	0.0300
	0.0106
	0.0320±0.0044
	0.0033± 0.0017
	0.0043± 0.0028

	O2
	0.0360
	0.0035
	0.0535±0.0039
	0.0063± 0.0026
	0.0030±0.0019

	N
	0.0563
	0.0024
	0.0324±0.0079
	0.0090± 0.0059
	0.0019±0.0087

	Havg(amino)
	0.00807
	0.0002
	0.00097±0.0025
	-0.0001±0.0001
	0.0001±0.0001

	Havg(methyl)
	0.0052
	-0.0067
	0.0041±0.0009
	-0.0064±0.0005
	-0.0060±0.0007

	Hα
	-
	0.0107
	-
	0.0070±0.0050
	0.0110±0.0062














Table 3. Average number of hydrogen bonding water molecules formed by atoms of



, and radicals in solution
	Coordinate
	

	

	


	HB Donor

	H1
	0.18
	0.98
	0.22

	H2
	0.77
	0.82
	0.72

	H3
	-
	0.96
	-

	H4
	0.01
	0.05
	0.01

	H5
	0.04
	0.01
	0

	H6
	0.03
	-
	-

	Hβ
	-
	-
	1.01

	Hα
	-
	0.055
	0.086

	HB Acceptor

	O1
	2.21
	2.07
	1.94

	O2
	2.1
	1.99
	0.89

	N
	0.87
	0.02
	1.04
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Table 4. Calculated and experimental gαα(ppm) and isotropic HFCC(MHz) of , and  radicals in aqueous solution in acidic and alkaline solutions
	
	g tensor
	
	HFCC(MHz)

	
	gxx
	gyy
	gzz
	giso
	
	N
	Havg(amino)
	Havg(methyl)
	Hα

	

	2740±284
	1574±295
	-234±84
	2.00368±0.00022
	
	13.59±4.81
	2.58±5.12
	37.24±6.71
	-

	EXPI (pH=11-13.5)
	-
	-
	-
	2.0034
	
	14.21
	5.41
	38.84
	-

	

	978± 189
	471±155
	-163±60
	2.00275±0.00013
	
	12.13±6.57
	-0.30±0.11
	-62.24±3.68
	64.99±15.96

	

	825±239
	509±187
	-156±67
	2.00271±0.00020
	
	4.03±3.99
	-0.25±0.16
	-59.13±5.25
	70.96±11.71

	EXPII (pH=2.5-5)
	-
	-
	-
	2.0026
	
	10.11
	-
	-62.41
	72.75

	I Ref. [28]  and II Ref. [27]
	
	
	
	
	
	



















Scheme 1. Chemical structure of alpha and beta Alanine
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Fig. 1. Structure, atoms numbering, g-tensor axes orientation and spin density isosurface (0.013 au) for ,  and  radicals










[image: C:\Users\Muhammad\Desktop\22Bahman97\art_proc\DrZiaie_JANBAAI\ISI2\Figures\2.png]

Fig. 2. Structure of radical and 55 water molecules is an arbitrary snapshot form ab initio molecular dynamics trajectory


















Fig. 3. The RDFs of the hydrogen bonds around the O1 and O2 oxygens with water molecules for (a), (b)  and (c)  radicals































Fig. 4. Comparison of the average of g-tensor considering 200 snapshots along the trajectory and optimization the structure in the gas phase for (a)  and (b)  radicals





























Fig. 5. Comparison of the average of HFCC of atoms considering 200 snapshots along the trajectory and optimization the structure in the gas phase for 


(a)  and (b)  radicals

































Fig. 6. Variation of g-tensor components versus the MM of the oxygen atoms of the carboxyl groups for the cases of the (a) , (b)  and (c)  radicals

































Fig. 7. Variation HFCC of methyl group versus the MM of the hydrogen atoms of the methyl groups for the cases of the (a), (b) and (c)radicals.
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