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In this paper we propose a quantum mechanical evaluation model for homolytic dissociation energies. Using
AM1 and PM3 semi-empirical methods we have characterized molecular structures and fragments that resulted from
the chemical bond dissociation. Total binding energies were determined for the geometrically optimized molecular
structures of fragments that resulted due to the breaking of chemical bonds, as well as for transitional states. The
reaction enthalpy and activation energies were correlated with homolytic dissociation energies. Accuracy of the
method and application fields of different evaluation modalities were achieved by the intercomparison of obtained
values with experimental ones found in literature. More than 74 organic and inorganic compounds were analyzed.
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1. Introduction

The molecules present a significant specificity at ioniz-
ing radiation field dissociation. Experimental data sug-
gests that chemical bonds with low values of binding
energies (BE) respectively homolytic dissociation ener-
gies (HDE) are predisposed to radio-induced fragmenta-
tion [1, 2].

The direct or indirect experimental determination of
HDE values is relatively difficult to realize and it implies
time and high costs.

Specific software for quantum chemical simulation such
as HYPERCHEM, CS CHEM 3D allow the construc-
tion, geometric optimization and molecular systems char-
acterization through determination of Interatomic Dis-
tances (IAD), charge distribution, Total Binding En-
ergies (TBE), formation enthalpies, molecular orbitals
distribution, vibration analysis (IR spectrometry), elec-
tronic spectra simulation, molecular dynamics, transition
states, etc.

In the presented paper, we propose an original quan-
tum chemical model for HDE respectively BE determina-
tion by simulation of homolytic fragmentation processes.

2. Materials and methods

In this study, we used molecular mechanics and semi-
empirical computational methods. The simulation was
performed on Intel Duo Core T6600 with 4 GB DD RAM
computers.

Molecular structures were built and geometrically op-
timized using molecular mechanics methods MM+ and
AMBER (HYPERCHEM, versions 4 and 7). The energy
minimizations were refined by semi-empirical methods.
Depending on the chosen molecular structure the Param-
eterization Method 3 (PM3) [3] and Austin Method 1
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(AM1) [4, 5] were used. For an increase in the degree of
obtained confidence, the minimizations were realized at
RMS gradient values lower than 10~%. In this way it was
intended to avoid local minimum points on the potential
energy surface.

At first we analyzed the TBE variation for the molec-
ular structures in relationship with the length of the an-
alyzed chemical bonds. The IAD of analyzed bonds var-
ied between 0.4-5 A range and TBE were computed.
After that, transition state structures were obtained
and thermodynamic parameters were determined. The
study was performed using the Transition State com-
puting facilities from HYPERCHEM software, versions
4 and 7. The reaction enthalpies were determined as the
difference between TBE of the geometrically optimized
molecular structures and fragments resulted from chem-
ical bonds dissociation. The activation energies were
computed, using Transition States computing facility,
from the difference between TBE of the reactants and
reaction products.

In accordance with the obtained preliminary results,
HDE can be determined from the difference between
TBE of geometrically optimized molecular structures and
molecular fragments after chemical bond breaking. The
HDE cannot be determined from cycles using this model.
In the case of molecular structures which present intra
or inter molecular hydrogen bonds, the method can be
applied only if the chemical bonds and fragments separa-
tion do not affect the preexistent intermolecular physical
bonds.

For determining the accuracy of the proposed method,
the computed values were inter-compared with exper-
imental results identified in literature. In this sense,
geometrically optimized and computed HDE were built
for the following chemical compound groups: alkanes,
alkenes, alkynes, halogenated derivatives, alcohols, per-
oxides, aldehydes, ketones, carboxylic acids, acid halo-
genated compounds, amines, nitro derivatives, nitrates,
nitrites, thiols, and thioethers.
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3. Results

At first, the molecular structures of methane, ethane
and benzene were geometrically optimized using PM3
and AM1 method. The C-C (in the case of ethane)
and C-H (in the case of methane and benzene) TAD was
varied in 0.4-10 A range. TBE variations were calcu-
lated using PM3 and AM1 methods (with setting options:

multiplicity = 1, spin pairing UHF) revealing the pres-
ence of a minimum for the equilibrium distance, obtained
by geometrical optimization. For TAD values higher than
3.5 A, TBE reach a plateau. Computed values for sin-
glet states become equal with those calculated for triplet
states suggesting chemical bond breaking with the for-
mation of two free radicals.

The computed HDE and experimentally determined BE (Exp. BE) values [6] TABLE I
for hydrocarbon compounds.
Chemical compound HDE HDE HDE HDE Exp.
/Chemical bond unoptimized | optimized | unoptimized deviation optimized deviation BE
[kcal/mol] | [kcal/mol] | [kcal/mol] % [kcal/mol] % [6]
Semi-empirical method PM3 | AM1 | PM3 | AM1 |PM3|AMI1 |PM3|AM1|PM3 | AM1 | PM3 | AM1
Methane/HzC-H 102.71102.3|93.1|934| 07 | 03 | 07| 03 | -89 |-86|-87|-84]102
Ethane/H3C—CHjs 91.7 | 91.7 | 74.1 | 744 | 6.7 | 6.7 | 79 | 7.9 |-10.9|-10.6|-12.8|-12.5| 85
Ethane/H3C-H,C-H 95.6 | 95.3 | 84.8 | 84.7 | 0.4 | -0.7|-0.4|-0.7 |-11.2|-11.3|-11.7|-11.8| 96
Propane/CoHs—-HoC-H 96.3 | 96.3 | 86.1 [ 86.4 | 1.3 | 1.3 | 1.4 | 14 |-89|-86|-94|-9.1| 95
Propane (iso)/HsC—(H)(CH3)C-H| 91.1 | 91.2 | 87.6 | 80.9 | 2.9 | -2.8 | -3.1| -3.0 | -6.4 |-13.1| 6.8 |-13.9| 94
Propane/ H3C-CH>-CHg 91 90.8 | 76.4 | 74.3 6 58 | 7.1 6.8 | -8.6 |-10.7|-10.1|-12.6| 85
n-butane/CH3HoC-CH2CHg 83.5 | 84.1 | 71.3 | 68.2 | 5.5 | 6.1 7.1 7.8 | 67| -98|-86 |-12.6| 78
n-butane/CsH7;-H,C-H 96 96 84.9 | 84.9 2 2 2.1 21 |-91|-9.1|-97|-97]| 94
Tert-butane/(CHs)sC-H 88.3 88 76.5|723|-07| -1 |-0.8|-1.1|-12.5|-16.7|-14.0|-18.8| 89
Ethene/ HoC=(H)C-H 101.11101.393.3 |93.3| 5.1 | 5.3 | 5.3 | 5.5 | 2.7 | 2.7 | -2.8|-2.8| 96
Acetylene/HC=C-H 128.11129.1 {133.4|110.9| 7.1 8.1 5.9 6.7 | 12.4 |-10.1| 10.2 | -8.3 | 121
Acetylene/HC=CH 226.2|222.5|215.3|210.5| -3.8 | -7.5 | -1.7 | —=3.3 |-14.7|-19.5| -6.4 | -8.5 | 230
Ethylbenzene/Ph-CHo-HoC-H 79.8 | 814 | 792 | 8.8 | 58 | 74 | 7.8 |10.0| 52 | 11.8| 7.0 |15.9 | 74
Toluene/(Ph)C—-CHjs 92,5 | 93.8 | 77.6 | 77.8 | 5.5 | 6.8 | 6.3 7.8 | -9.4 | 9.2 |-10.8|-10.6| 87
Benzene/C-H 103.7][103.6 | 99.8 | 99.7 | 1.7 | 1.6 1.7 1.6 | 22| -23]-22|-23|102

The computed HDE and experimentally determined BE values [6] for allyl and TABLE II
benzyl positions.
Chemical compound HDE HDE HDE HDE Exp.
/Chemical bond unoptimized | optimized | unoptimized deviation | optimized deviation BE
[kcal/mol] | [kcal/mol] | [kcal/mol] % [kcal/mol] % [6]
Semi-empirical method PM3| AM1 [PM3|AM1|PM3|AM1|PM3|AM1 |PM3|AM1|PM3|AM1
Toluene/CgHs—(H2)C—H 98.1 | 98.3 |78.4| 784 |20.6|20.8|26.6|269]| 0.9 | 0.9 1.1 1.2 |77.5
p-xylene/(CHsz)Ph(Hy)C—H 93.3| 93.1 |77.2| 773 173|171 227|225 | 1.2 | 1.3 | 1.6 | 1.7 | 76
Ethylbenzene/CgHs-H2C-CHg 92.3 | 92.3 |57.0(56.9[29.129.1|46.0|46.1|—6.2|—-6.3]|-9.8|-9.9]|63.2

Butylbenzene/CeHs—HoC—C3H7 87.2 | 87.2 |58.9
1,2 biphenyl ethane/PhH;C—CH2Ph |87.6 | 87.5 | 57.0

a—picoline/CsH4N-H,C-H 94.3 | 94.3 | 78.8
B—picoline/CsHyN-H,C-H 97.5| 97.4 |78.1
~y—picoline/CsH4N-HoC-H 94.3 | 94.4 | 78.9
Benzylamine/Ph-HoC-NH> 72.4 | 72.3 | 54.9
Benzylthiol/C-SH 69.0 | 68.9 |52.2
Benzylmethylthioether/Ph-H,C-SCH3 | 64.3 | 64.4 | 47.2
1-butene/CHy =CH-H>C—-CHg3 91.4| 91.4 |66.5
Allylchloride/C—C1 77.0| 76.9 | 56.5
Benzylchloride/C—Cl 76.9 | 77.1 | 65.3
Benzoyl chloride/C—C1 68.1 | 68.2 | 66.5
Allyl bromide/C-Br 98.1 | 98.3 | 78.4
Allyl iodine/C-I 93.3 | 93.1 |77.2
Benzyl iodine/C-I 92.3 | 92.3 | 57.0

The determined reaction enthalpies values were quasi-
identical to those obtained in the activation energies,
computed using Transition States.

The HDE were computed from the TBE difference be-
tween geometrically optimized molecular structures and
fragments resulted (geometrically optimized and unop-
timized) in the process of chemical bonds breaking and
those separations at more than 10 A.

The accuracy of the HDE evaluation method was ver-

58.9 [22.2|122.2 |34.1 |34.2|-6.1|-6.1 -9.4|-9.3]| 65
56.8 | 40.6 | 40.5 | 86.4 | 86.2 | 10.0 | 9.8 |21.2 | 20.8 | 47
78.7119.3|19.3 25.7|25.8| 3.8 | 3.7 | 5.0 | 4.9 75
78.1(21.5|21.4 (282|281 | 21| 21 |27 | 28 76
788 173|174 (225226 | 1.9 | 1.8 | 2.4 | 2.3 7
55.0 | 13.4 | 13.3 | 22.7 | 22.6 |-4.1|—-4.0 |-7.0|-6.8 | 59
52.2 |16.0 | 15.9 | 30.2 | 30.0 | -0.8 | 0.8 |-1.6 | -1.4 | 53
47.1113.313.4|26.1|26.3|-3.8|-3.9|-7.4|-7.6]| 51
66.4 (29.9|29.9 | 48.7 (486 | 5.0 | 4.9 | 8.1 | 8.0 |61.5
56.5 | 17.0|16.9 | 28.3 | 28.1|-3.6 |-3.5|-5.9|-5.8| 60
65.2 |89 | 9.1 [13.1|13.3|-2.8|-2.8|-4.0|-4.1]| 68
663 |-49|-48|-67|-66|-65|-6.7|-89|-92]| 73
78.4120.6 1208 [266(269| 09 |09 |11 |12 |775
7731173171 1227225 (1.2 | 1.3 | 1.6 | 1.7 | 76
56.9 [29.1|29.1 | 46.0 [ 46.1 | -6.2 | —6.3 | -9.8 | -9.9 | 63.2

ified by the results obtained, using quantum mechani-
cal calculations inter-compared with experimental results
identified in literature. As it can be observed in Ta-
ble I, HDE values for hydrocarbons obtained by sim-
ulation, present similar values with those identified in
literature [6]. For the method which uses geometrically
unoptimized fragments, in comparison with experimental
results we observe about 7% deviations just in the case
of C—C bonds and neighboring benzyl position bonds.
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In the case of chemical bonds in allyl or benzyl po-
sition (Table II), the best results were obtained if opti-
mized fragments were used in calculations (which present
identical TBE with those of transition states). As in hy-
drocarbons case the HDE for C-C bonds presents 5-10%
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deviations from experimental results.

In the case of oxygenated, halogenated and those con-
taining S compounds, (see Table III) HDE values, ob-
tained using the method applied to allyl or benzyl com-
pounds are similar with the experimental data.

The computed HDE and experimentally determined BE values [6] for oxy- TABLE III
genated compounds.
Chemical compound HDE HDE HDE HDE Exp.
/Chemical bond unoptimized | optimized | unoptimized deviation optimized deviation BE
[kcal/mol] | [kcal/mol] | [kcal/mol] % [kcal/mol] % [6]
Semi-empirical method PM3 | AM1 | PM3 |AM1 |PM3|AM1 |PM3| AM1 |PM3 | AM1 | PM3 | AM1
Acetone/ H3C—-CO-CHs | 79.6 | 79.6 | 64.7 [68.5| 7.6 | 7.6 [10.6 | 10.6 | —7.3 | -3.5 |-10.1| —4.9 | 72
Formaldehyde/OHC-H 79.8 | 79.9 | 743 | 76.5 | 3.8 | 3.9 5 51 | -1.7| 0.5 | -2.2 | 0.7 76
Acetaldehyde/H3C-CHO | 77.6 | 78.1 | 66.2 | 69.6 | 2.6 | 3.1 |3.47| 4.1 |-88 | -5.4 |-11.7| -7.2 | 75
Benzaldehyd/Ph-CHO 81.1 | 82.3 | 75.3 |73.9|-6.9|-5.7|-7.8| 6.5 [-12.7|-14.1|-14.4|-16.0| 88
Formic acid/H(O=)C-OH | 90.2 | 90.7 | 87.1 | 87.9| 0.2 | 0.7 |0.22| 0.8 | 2.9 | —=2.1|-3.2 | 2.3 | 90
Acetic acid/CH3(O)C-OH | 89.4 | 90.1 | 84.3 | 8 |-0.6| 0.1 |-0.7| 0.1 |-5.7| -5 | 6.3 | 5.6 | 90
Ethanol/CH3H,C-OH 86.5 | 86.6 | 79.2 | 80.1 |-3.5|-3.4|-3.9|-3.8 [-10.8| -9.9 |-12.0|-11.0| 90
Methanol/H3s C-OH 91.6 | 91.1 | 82.7 | 83.4| 0.6 | 0.1 |0.66| 0.1 | -8.3|-7.6|-9.1|-8.4| 91
Water/HO-H 108.5| 106 |108.4| 107 | 4.5 | 2.3 |4.33 | 2.2 4.4 3 4.2 2.9 | 104
Oxygenated water/HO-OH | 46.5 | 46.4 | 46.5 | 45.9 | -4.5|-4.6 |-8.8| -9.0 | -4.5 | -5.1 | -8.8 |-10.0| 51
ROOH/0O-O 31.7 | 30.1 | 29.5 [29.8| 2.7 | 1.1 |9.31| 3.8 0.5 0.8 1.7 2.8 29
Dimethy peroxide/O-O 28.6 | 29.8 | 13.2 | 15 |-8.4|-7.2 | -23 |-19.5(-23.8| —22 |-64.3|-59.5| 37
The computed HDE and experimentally determined BE values [6] for halo- TABLE IV
genated compounds.
Chemical compound HDE HDE HDE HDE Exp.
/Chemical bond unoptimized | optimized | unoptimized deviation optimized deviation BE
[kcal/mol] | [kcal/mol] | [kcal/mol] % [kcal/mol] % [6]
Semiempirical method PM3 | AM1 | PM3 | AM1 [PM3| AM1 |[PM3| AM1 | PM3 | AM1 | PM3 | AM1
CHF3/ F3C-H 99.7 | 91.2 | 91.1 | 88.3 | -3.3 |-11.8| -3.2 |-11.5|-11.9 |-14.7|-11.6 |-14.3| 103
CF4/F3C-F 113.8|112.5|110.5(110.2| -7.2 | -8.5 | -6.0 | —7.0 |-10.5|-10.8| -8.7 | —=8.9 | 121
CeFg/F5C6C-F 154.1| 175 |113.9(114.2| 9.1 30 6.3 | 20.7 (-31.1|-30.8|-21.4|-21.2| 145
CH3F/H3C-F 108.3|109.1 |100.7(100.2| 0.3 | 1.1 | 0.3 | 1.0 |-7.3 | -7.8 | -6.8 | —7.2 | 108
Tetrafluoroethylene/FoC=CF>|108.3| 110 | 93.3 | 93.9 |-3.7| —2 |-3.3| -1.8 [-18.7|-18.1|-16.7|-16.2| 112
Trifluoroethane/H3C—CF3 93.8 93 78.6 | 69.3 | -3.2| -4 |-3.3|-4.1 |-18.4|-27.7|-19.0|-28.6| 97
Hexafluoroethane/F3C-CF3 | 66.3 | 66.7 | 60.3 | 59.2 | -2.7 | -2.3 | -3.9 | —=3.3 | -8.7 | -9.8 |-12.6|-14.2| 69
CHCl3/C-H 91.5 92 81.4 | 79.1 | 1.5 2 1.7 2.2 | -8.6 |-10.9| -9.6 |-12.1| 90
CoH5Cl/C-C1 76 75.1 | 69.2 | 652 | -7 | -7.9|-8.4|-9.5|-13.8|-17.8|-16.6(-21.4| 83
CH3Br/BrH,C-H 100.6|102.3|91.2 (91.8 | 1.6 | 3.3 | 1.6 | 3.3 | -7.8 | -7.2 | -7.9 | -7.3| 99
CH3I/C-1I 52.2 52 49.8 | 446 |-0.8| -1 |-1.5|-1.9|-3.2 | -8.4 | -6.0 |-15.8| 53
CoH5I/C-1 46.4 47 44.2 | 378 |-4.6| -4 |-9.0|-7.8 | -6.8 [-13.2|-13.3|-25.9| 51
Iodobenzene/Ph-1 53.5 | 54.7 | 51.9 | 52.3 |-3.5| 2.3 |-6.1| 4.0 |-5.1|-4.7|-8.9 | -82| 57

The values obtained for halogenated compounds
present, significantly fewer deviations especially in the
case of some fluoride compounds (benzene-hexafluoride,
methane trifluoride and trichloride compounds
Table IV).

The HDE evaluation in compounds containing N and
S (Table V) does not lead to satisfying results, the ma-
jority of obtained values having more than 7% deviation
in comparison with experimental data.

4. Conclusions

A model for HDE determination by homolytic frag-
mentation processes simulation was proposed. The re-
sults obtained suggest two evaluation methods of HDE,
depending on the neighboring chemical bond analyzed.

(i) In the neighboring position of aromatic groups or
unsaturated bonds HDE can be determined as the dif-
ference between the TBE value of resulted fragments by

chemical bond breaking, energetically minimized, and the
initial molecular structure respectively.

(ii) In the other cases, HDE can be determined from
the difference between TBE of geometrically optimized
molecular structures and radical fragments energetically
unminimized.

In homolytic fragmentation processes evaluation TBE
was used because the determination of formation en-
thalpies is realized with low grade accuracy.

Transition states analysis has produced similar results
with those obtained in the case of energetically mini-
mized fragments use. Because that calculation proce-
dure is much more difficult in the case of using Transition
State-HYPERCHEM, the method is recommended only
for those cases where doubts exist concerning energetic
values obtained.

From all analyzed semi-empirical methods, PM3 and
AMI1 produced the best results, value differentiation be-
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The computed HDE and experimentally determined BE values [6] for nitrogen TABLE V
and sulfur compounds.
Chemical compound HDE HDE HDE HDE Exp.
/Chemical bond unoptimized | optimized | unoptimized deviation optimized deviation BE
[kcal/mol] | [kecal/mol] | [kcal/mol] % [kcal/mol] % [6]
Semiempirical method PM3 | AM1 | PM3 | AM1 | PM3 [AM1|PM3 | AM1 | PM3 | AM1 | PM3 | AM1
Hydrazine/ HoN-NH, 50.3 | 52.1 | 49.8 | 50.2 | -9.7 | -7.9 |-16.2|-13.1|-10.3| 9.8 |-17.1|-16.3| 60
Anlnlonia/ HoN-H 91.8 | 94.1 | 90.4 | 91.1 |-10.2| -7.9 |-10.0| =7.7 |-11.6 |-10.9|-11.4|-10.7| 102
Methyl amine/H3C-NHs 81.0| 83.4 | 70.4 | 70.1 [-10.0| -7.6 |-11.0| -8.3 |-20.6 |—20.9|-22.7|-22.9| 91
Nitro methane/ H3C-NO» 60.3 | 61.0 | 42.1 | 42.6 1.3 2.0 2.1 3.4 |-16.9|-16.4|-28.7|-27.9| 59
Methyl nitrate/H3C—O-NO2 31.4 | 34.2 | 20.1 | 20.8 | -8.1 | -5.3 |-20.5|-13.4|-19.4|-18.8|-49.1 |-47.5| 40
Acetonitrile/ H3C-CN 123.3|120.3 {128.0(128.4| 20.3 | 17.3 | 19.7 | 16.8 | 25.0 | 25.4 | 24.3 | 24.7 | 103
Methane—thiol/C—SH 81.9 | 81.9 | 71.1 | 71.2 | 7.7 7.6 |10.4 1103 |-3.1|-3.0|-4.2|-4.1 74
Ethane—thiol/C*SH 73.4 | 74.5 | 60.8 | 60.7 | 0.0 1.1 0.1 1.5 |-12.6|-12.8|-17.1|-17.4| 73
1 Propanethiol/csz 74.7 | 74.8 | 62.0 | 61.5 | 2.6 2.7 3.6 3.8 |-10.1|-10.6|-14.0|-14.7| 72
2 Propanethiol/C-SH 67.8 | 67.5 | 52.9 | 53.1 | -2.8 | -3.1 | 4.0 | 4.4 |-17.7|-17.5|-25.1|-24.8| 71
Tert-butylthiol/C-SH 63.3 | 63.0 | 46.1 | 46.7 | -6.1 | -6.4 | -8.7 | -9.2 |-23.3|-22.7|-33.5|-32.7| 69
Dimethylthioether/C-S 77.1 | 77.2 | 66.0 | 66.3 | 3.9 4.0 5.4 55 | -72|-69|-98|-94| 73
Ethylmethylthioether/S—C(ethyl) | 69.9 | 70.1 | 56.8 | 56.4 | -1.9 | -1.7 | -2.6 | -2.4 |-15.1|-15.4|-21.0|-21.4| 72
Ethylmethylthioether/S—C(methyl) | 77.5 | 77.2 | 66.3 | 66.5 | 6.9 6.6 9.8 94 | 43| -41|-61|-58| 71
Diethyl thioether/C—S 71.1 | 72.0 | 57.7 | 57.7 | 0.5 1.4 0.7 1.9 |-12.9(-12.9|-18.2|-18.3| 71

ing minimal. PM3 method allows to reach the energy
minimum much faster, while AM1 method presents set-
ting incompatibilities in some cases [5]. For this reason,
PM3 method is only recommended for use in exceptional
cases for the compounds which contain allyl or benzyl
groups, N or halogen atoms.

Computed values for C-H, O-H bonds present mini-
mum deviation (less than 5%) in comparison with exper-
imental values, while HDE values for C—C bonds were
obtained with a 5-7% deviation. In hydrocarbons case,
with the exception of allyl or benzyl the deviation is ex-
clusively positive.

Based on the obtained results we may conclude that
the proposed method presents satisfactory accuracy, ex-
cept for compounds containing nitrogen, sulfur and halo-
gens.
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