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Abstract: A survey of computational methods was undertaken to calculate the homolytic bond dissociation
energies (BDEs) of the€H and N-H bonds in monocyclic aromatic molecules that are representative of the
functionalities present in coal. These include six-membered rings (benzene, pyridine, pyridazine, pyrimidine,
pyrazine) and five-membered rings (furan, thiophene, pyrrole, oxazole). By comparison of the calctigted C
BDEs with the available experimental values for these aromatic molecules, the B3LYP/6-31G(d) level of
theory was selected to calculate the BDEs of polycyclic aromatic hydrocarbons (PAHS), including carbonaceous
PAHSs (naphthalene, anthracene, pyrene, coronene) and heteroatomic PAHs (benzofuran, benzothiophene, indole,
benzoxazole, quinoline, isoquinoline, dibenzofuran, carbazole). The cleavage-6f arG N—H bond generates

a o radical that is, in general, localized at the site from which the hydrogen atom was removed. However,
delocalization of the unpaired electron results-ii kcatmol=* stabilization of the radical with respect to the
formation of phenyl when the €H bond is adjacent to a nitrogen atom in the azabenzenes. Radicals from
five-membered rings are6 kcatmol™! less stable than those formed from six-membered rings due to both
localization of the spin density and geometric factors. The location of the heteroatoms in the aromatic ring
affects the G-H bond strengths more significantly than does the size of the aromatic network. Therefore, in
general, the monocyclic aromatic molecules can be used to predict-theBDE of the large PAHs within

1 kcatmol™1.

Introduction processing.These atoms appear in coal in such forms as furan,
h thiophene, pyrrole, benzene, and pyridine rings.

The most important processes of coal are combustion,
gasification, pyrolysis, and liquefactidrEach of these methods
occurs under different conditions to yield different products;
however, the initial reactions of combustion are thought to be
common to all processes. Thus, an understanding of the
thermochemistry and reactivity of specific bonds within the coal
structure may lead to advances in coal processing. To this end,

including heterocyclic and polycyclic aromatic components. The We are currently examining the thermochemical preferences of
heteroatoms, which include nitrogen, oxygen, and sulfur, are the aromatic constituents of coal. We hope that small molecules

known to play a very important role in coal combustion and may be used as effective mo_dels of the components of coal in
order to study the very complicated chemistry of coal combus-

Coal is one of the dominant fossil fuels of the twentiet
century and the fuel used for most of the electrical power
generation in the United States, yet much remains to be
understood about its structure and reactivity. In addition, it is
difficult to characterize coal because many properties of coal,
such as elemental composition, reactivity, and rank, vary greatly
depending on the origin of the samplélthough coal is a
mixture of complex compounds, it has many periodic units,
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tion. We are particularly interested in identifying a computa- aromatic fractiort. In addition, PAHs are significant products
tional method that is practical for the calculation of the chemical of the combustion process, especially under y\N&Baging
properties of computationally larger molecules, such as large conditions® The bulk of the experimental studies of the physical
polycyclic aromatic hydrocarbons (PAHs), which can be used properties of PAHs has been to identify their vibrational
to approximate the network nature of coal. frequencied2131t is much more difficult to determine experi-

The first step in the combustion of coal is likely to be the mentally the G-H BDEs of these large species compared to
homolytic cleavage of a carbethydrogen bond to form  the monocyclic compounds, and thus experimentaHBDES
aromatic radicals. of the PAHSs are very scarce in the literature.

An early paper that measured the-8 bond strengths of
benzene, naphthalene, and anthracene via competition experi-
ments based on relative hydrogen atom abstraction from toluene
concluded that the relative-€H bond strength of PAHs could
be understood as a consequence of the bonding of the two
neighboring carbon atoms and not the size of the aromatic
network!4 Very recently, the gas-phase acidithHacig of
naphthalen® and the electron affinity (EA) of the naphthyl
radicals were determined by Kass and co-workers so as to

R—H—Re + He

The bond dissociation energy (BDE) is defined as the
enthalpy of the reaction required to break the K bond to
form two radicals. Experimental measurements of theHC
BDEs of five- and six-membered-ring compounds that are
relevant to coal combustion are not abundant in the literature.
Even the energy required to remove a hydrogen atom from

benzene to form the phenyl radieahe first step in perhaps -
the most widely studied model of the fossil fuel combustion determine the €H bond strength of naphthalefeThe result

process-was not definitively determined until only three years ©f those experiments indicates that the energy required tolcleave
ago® In that work, a combination of gas-phase ion chemistry €ach of the &H bonds in naphthalene is 111 3 kcatmol™.
and negative ion photoelectron spectroscopy was used tolnsight into the C-H bond strength of heteroatomic PAHs can
determine the €H bond strength of benzene to be 1135 also be gleaned from thermal decomposition studies of nitrogen-
0.5 kcatmol-! at 300 K. containing polycyclic aromatic moleculés!® These studies

In addition to benzene, nitrogen-containing aromatic com- Show that the decomposition reactions of the monocyclic rings
pounds are of interest in the modeling of coal combustion are predictive of the larger ring systems.
processes because nitrogen-containing constituents are known Initially, computational calculations of €H BDEs of PAHs

to be very important in the formation of NGpecie$:® Very were limited to semi-empirical methods due to the cost incurred
recently, the pyrolyses of pyridine, pyrimidine, and pyrazine in calculating the aryl radicals by more accurate metH8de
were experimentally explored via shock tube studi€sThe most inexpensivab initio method, Hartree Fock (HF), does

C—H BDEs in these azabenzenes were found to be smaller thannot include electron correlation and therefore does not accurately
that of benzene when the hydrogen atom was abstracted frompredict thermochemical properties such as BBBdowever,

a carbon atom adjacent to a nitrogen atom, but approximately computational studies of ©H BDEs of aromatic compounds
the same as benzene when the hydrogen was removed from &ayve recently received renewed attention following the more
carbon two or three positions away from nitrogen. The stabiliza- yigespread use of pure and hybrid density functional theory
tion of the radical was attributed to the interaction of the (pET) method2!22 Recent B3LYP3 and BLYP 2425 studies
unpaired electron on carbon with the adjacent nitrogen lone pair. 5t paHs containing one to six benzenoid rings have shown that

Ab initio calculations at the MP2/DZP//HF/3-21G level sup-  per correctly describes the electronic structure of PAH radicals.
ported the proposed thermochemistry of these azabenzenes; The aim of thi Kist tational methods to stud
although, a difference between the calculated and experimental € aim of tis Work 1S to use computational metnods fo study
preferences for the site of abstraction from pyrimidine was SMall aromatic compounds that represent functional groups
noted10 known to be present in coal. To this end, the i€ BDEs of

There are even less experimental data available for the ¢~ Neteroatomic five-membered, six-membered, and polycyclic
BDESs of five-membered aromatic rings. Photodissociation of @romatic compounds have been calculated via the hybrid DFT
pyrrole at both 193 and 248 nm has recently provided BDEs B3LYP method. A survey of computational methods was
for the N-H (88 + 2 kcatmol ) and G-H (112.5+ 1 undertaken in the calculation of-¢H BDESs of the monocyclic
kcakmol-%) bonds & 0 K via photofragment translational ~aromatic compounds. On the basis of its excellent agreement
spectroscopy?

PAHSs provide a larger model with which to approximate the
network nature of coal. Coals of different rank have different (ig) Hudgins, D. M.; Sandford, S. A. Phys. Chem. A998 102, 329—

degrees of PAH ordering, with anthracites containing the largest 343. ] )
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(12) Hudgins, D. M.; Sandford, S. A. Phys. Chem. A998 102, 344~
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with the available data from several experiments, the B36Y®
level was chosen for the study of the polycyclic aromatic
compounds. In a future paper we will present calculations of

transition states for abstraction and addition processes to severaf

of these model compounds via H, &P}, and OH. Others have
considered possible decomposition of the radicals in combustion
environments®-32

Computational Details

All geometry optimizations and frequency calculations were per-
formed using Gaussian $unning on either an SGI Power Challenge
or a Cray T94 at the Ohio Supercomputer Center. The geometries of
the aromatic rings and their hydrogen atom loss products were optimized
with the standard 6-31G(d) basis ¥etising several computational
methods, including HF, MP2, and DFT. Vibrational frequencies have
also been calculated for each stationary point to verify a minimum
energy structure and to provide zero-point energies (ZPEs), which were
scaled by the factors of 0.91350.9646%* 0.9806%> and 1.012& for
HF, MP2, B3LYP, and BLYP, respectively. The BPW91 zero-point
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Bader’s theory of atoms in molecul&s?*? Spin density populations
were calculated using AIMALLY® The spin density is the difference
between thex andf spin densities. Its magnitude is a measure of the
xtent of delocalization of the radical character throughout the
molecule®*

The chemistry under consideration is the energy required to cleave
the C-H bond in small aromatic hydrocarbons. Because these
compounds will be used as models for studying the combustion process,
it is relevant to ascertain the effects of increased temperatures on the
C—H bond strength. The enthalpies of the monocyclic aromatic rings
and the radicals resulting from cleavage of each uniquéd@®ond
were calculated from 300 to 2000 K by including a temperature-
dependent enthalpic tertf,

AH(T) = HtraniT) + Hrot(T) + Hvib(T) +RT
AH(T) = SRT+RTH Nth-(eh”i’kT -1y ' +RT
2 2 a

where the summation is over alN3— 6 normal modes. The scaled

energies were not scaled. The frequency calculations also provided thezero-point energy and the enthalpy contribution, computed by the above

thermal contributions to the enthalpy, which were obtained using
unscaled frequencies.

In addition, BDEs were calculated using model chemistries that have
been shown to reproduce quite accurately a large number of experi-
mentally determined thermochemical properties for a test set of
molecules’®® A comparison of the BDEs of a test set including more

equation, were added to the B3LYP total energy to determine thid C
BDEs as a function of temperature.

Results

The BDEs of a number of monocyclic aromatic compounds,

than 100 small molecules showed that each of these compound method§@lculated by several different methodologies, are presented in
provided BDEs that were within 1.5 keatol ! of the experimental ~ Table 1 (for atom numbering, see Figures 1 and 2). Where
values® Complete basis set (CBS) methods are able to achieve high available, the calculated BDEs were compared to the experi-
accuracies at reduced computational expense by extrapolation to themental values in order to obtain an “average error” for each

complete basis set limit and by inclusion of a high level of electron method (see the bottom row of Table 1). The results are in

correlation?” The modified Gaussian-2 method, G2MP2, is a similar agreement with the findings of oth&t45 that HF and MP2

composite theory that is based on the additivity of several correction athods cannot be used to adequately describe both the parent
terms that use larger basis sets at lower levels of theory and smaller

basis sets at higher levels of thedfy.

Single-point energy calculations were evaluated with the 6+&-1
(d,p) and 6-311G(3df,2p) basis sets while using the B3LYP/6-31G-
(d) geometries. The ZPEs and thermal contributions were taken from
the B3LYP/6-31G(d) frequency calculations. To analyze the trends in
BDE as a function of the atoms in the aromatic rings, the electronic
wave functions were calculated at the B3LYP/6-3Q(d,p)//B3LYP/
6-31G(d) level. Six Cartesiashfunctions were used with all basis sets.
Spin density populations were obtained from the wave functions via

(26) Johnson, B. G.; Gill, P. M. W.; Pople, J. A. Chem. Phys1993
98, 5612-5626.

(27) Lee, C.; Yang, W.; Parr, R. ®hys. Re. B 1988 37, 785-789.

(28) Stephens, P. J.; Devlin, F. J.; Frisch, MJJPhys. Chem1994
98, 11623-11627.

(29) Becke, A. D.J. Chem. Phys1993 98, 5648-5652.

(30) Carpenter, B. KJ. Am. Chem. S0d.993 115 9806-9807.

(31) Liu, R.; Morokuma, K.; Mebel, A. M.; Lin, M. CJ. Phys. Chem.
1996 100, 9314-9322.

(32) Madden, L. K.; Moskaleva, L. V.; Kristyan, S.; Lin, M. @. Phys.
Chem. A1997, 101, 6790-6797.

(33) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Gill, P. M. W.;
Johnson, B. G.; Robb, M. A.; Cheeseman, J. R.; Keith, T.; Petersson, G.
A.; Montgomery, J. A.; Raghavachari, K.; Al-Laham, M. A.; Zakrzewski,
V. G.; Ortiz, J. V.; Foresman, J. B.; Cioslowski, J.; Stefanov, B. B.;
Nanayakkara, A.; Challacombe, M.; Peng, C. Y.; Ayala, P. Y.; Chen, W.;
Wong, M. W.; Andres, J. L.; Replogle, E. S.; Gomperts, R.; Martin, R. L.;
Fox, D. J.; Binkley, J. S.; Defrees, D. J.; Baker, J.; Stewart, J. P.; Head-
Gordon, M.; Gonzalez, C.; Pople, J. Baussian 94Revision C.3; Gaussian,
Inc.: Pittsburgh, PA, 1995.

(34) Pople, J. A,; Scott, A. P.; Wong, M. W.; Radom, l&r. J. Chem.
1993 33, 345-350.

(35) Scott, A. P.; Radom, L1. Phys. Chem1996 100, 16502-16513.

(36) Ochterski, J. W.; Petersson, G. A.; Wiberg, K. B.Am. Chem.
Soc.1995 117, 11299-11308.

(37) Ochterski, J. W.; Petersson, G. A.; J. A. Montgomeny, Zhem.
Phys.1996 104, 2598-2619.

(38) Curtiss, L. A.; Raghavachari, K.; Pople, J.JAChem. Physl993
98, 1293-1298.

aromatic molecule and the radical resulting from hydrogen atom
loss. The lack of electron correlation at the HF level leads to
an underestimation of the -@4 BDE by ~25 kcatmol,
although qualitative predictions of the radical preference from
parent aromatics with more than one uniqueHCbond were
reliable. In addition, both HF and MP2 calculations of the radical
species suffer from significant spin contamination, witfas

high as 1.4 for the radicals formed from benzene and the
azabenzenes. As a result, most of the MP2 BDESs calculated
were~17.0 kcailmol™! higher than experiment. Furthermore,

a comparison of the model chemistries and the experimental
data available for the small aromatic rings reveals that the CBS
and G2MP2 methods fall short of the accuracy predicted by
the test set of molecules. While there is excellent agreement
with the experimental €H BDE of benzene by CBS-Q, the
G2MP2 level predicts a higher BDE than the accurate experi-
mental value. For comparison to the other experimental values,
the average error for the CBS and G2MP2 methods is slightly
beyond their typical 2 kcaiol=* error. It should also be noted
that all of the CBS methods perform better than the G2MP2
method. However, it has been noted previously that G2 methods
fail to accurately predict the properties of aromatic hydrocar-
bons?® It has recently been recognized that CBS-RAD, a

(39) Bader, R. F. WAcc. Chem. Red.985 18, 9—15.

(40) Wiberg, K. B.; Rablen, P. Rl. Comput. Chenl993 14, 1504
1518.

(41) Bader, R. F. WChem. Re. 1991, 91, 893-928.

(42) Bader, R. F. WAtoms in MoleculesA Quantum TheoryClarendon
Press: Oxford, 1990.

(43) Keith, T. A.AIMALL, Yale University, 1996.

(44) Wiberg, K. B.; Cheeseman, J. R.; Ochterski, J. W.; Frisch, NI. J.
Am. Chem. Sod 995 117, 6535-6543.

(45) Cioslowski, J.; Liu, G.; Moncrieff, DJ. Phys. Chem. A997 101,
957—-960.

(46) Nicolaides, A.; Radom, LMol. Phys.1996 88, 759-765.
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Table 1. Calculated G-H (and N—-H) BDEs of the Monocyclic Aromatic Molecules at 298 K (in koabl™?1)

parent sitt  state HF MP2 CBS-4 CBS-q CBS-Q G2MP2 BLYP BPW91 B3LYP exp

benzene 1 %A, 801 1279 117.2 119.1 114.7 117.2 108.6 107.3 110.8 HA5
pyridine 2 A 78.9 1233 1120 112.0 110.3 1131 102.8 101.9 105.6 05

3 2N 81.8 1314 119.0 120.5 116.6 118.5 107.9 107.0 111.3 422

4 2A;  80.8 1283 116.8 118.2 1153 117.5 107.1 106.0 110.0 H22
pyridazine 3 2N 785 1322 117.2 118.0 114.1 116.8 103.8 103.1 107.0

4 A 80.2 136.7 120.8 122.1 1155 118.3 103.8 103.0 108.9
pyrimidine 2 °A; 814 1215 1125 112.7 —f 114.8 104.6 103.5 107.2 9B 2°

4 A 80.6 1196 1109 110.3 110.6 112.7 101.4 100.6 104.7 408

5 °A; 847 1321 1187 120.0 117.7 119.8 108.5 107.6 1122 422
pyrazine 1 A 79.0 129.7 1153 114.9 111.7 114.6 101.9 101.2 105.7 408
furan 2 2N 90.6 122.8 120.1 120.6 121.0 123.1 116.2 115.0 118.4

3 A 911 1235 1205 120.5 121.4 123.2 116.0 114.9 118.3
thiophene 2 2N 87.8 123.6 118.8 119.1 119.2 121.5 114.4 113.5 116.6

3 A 86.3 121.1 116.6 116.3 117.0 119.4 111.4 110.4 113.8
pyrrole 2 2N 91.7 1194 11938 119.9 120.8 122.4 1¥5.8 114.7 118.1 112.3-1¢

3 A 915 1194 119.6 119.5 120.4 121.9 115.6 114.3 117.6 HAS

n ’A, 619 —h 96.2 94.4 —h —h 87.5 88.3 89.8 88 29, 96.6+ 4¢°
av errot 25.3 17.0 7.9 8.4 53 8.9 3.6 3.9 3.1

aThe radical site (see Figures 1 and 2Reference 4¢ Reference 99 Reference 11¢ Reference 54.Error converging wave functiod.C;
symmetry." The complicated electronic structure of pyrrole prohibited the calculation of thid BDE at the MP2, CBS-Q, and G2MP2 levels.
The HF, CBS-4, and CBS-q calculations are based @ symmetry.' Average of the absolute error of (experimentheory) for C-H bonds.

105.6 Benzen

105(2) @

Pyridazine
105.7

112 (2)

Pyrimidine

Pyrazine

Figure 1. B3LYP/6-31G(d) bond dissociation enthalpies (koabl?,

298 K) for the cleavage of the-€H bond at each unique radical site
for the six-membered aromatic molecules: (a) benzene, (b) pyridine,
(c) pyridazine, (d) pyrimidine, and (e) pyrazine. Experimental BDEs
are in italics with the experimental uncertainty in parentheses.

modification of the CBS-Q method, is more suited to the
accurate calculation of the thermochemical properties of free
radicals?” However, the use of QCISD for both the optimization
and zero-point determination steps within the CBS-RAD method
render the CBS-RAD method impractical for the size of the
molecules considered in this study.

The C-H bond enthalpies calculated via each of the DFT

Y 89.8
88.0 (2), 96.6 (4)

118.1
112.3 (1)

117.6
112.3 (1)

Oxazole
Figure 2. B3LYP/6-31G(d) bond dissociation enthalpies (koabl 2,
298 K) for the cleavage of the-€H bond at each unique radical site
for the five-membered aromatic molecules: (a) furan, (b) pyrrole, (c)
thiophene, and (d) oxazole. Experimental BDEs are in italics with the
experimental uncertainty in parentheses.
provides the best agreement (3 koabl~') of the computed
BDEs of the smaller aromatic hydrocarbons with experiment.
It should be noted that the qualitative trends for the BDESs are
reproduced by all of the CBS, G2MP2, and the DFT methods.
However, the DFT methods are more affordable than the CBS-
or G2-based methods and are seemingly well-suited for the study
of large PAHs. For these reasons, B3LYP was selected to
elucidate the trends in the calculated bond dissociation enthalpies
of the monocyclic aromatic molecules as well as to study larger
carbonaceous and heteroatomic PAHS.

To determine the validity of the 6-31G(d) basis set, B3LYP
single-point calculations were performed using the 6-8G1
(d,p) and 6-311G(3df,2p) basis sets. Bond dissociation en-
thalpies were determined by adding scaled zero-point and

Thiophene

methods are in better agreement with experiment than the hermal contributions from the 6-31G(d) basis set calculation
methods based on HF theory. The pure DFT methods, such asq the energies calculated with the larger basis set for both the
BLYP and BPW91, yielded BDEs that are on average lower parent and carbon-centered radical. It is evident from a

than experiment by~3—4 kcatmol™'. The B3LYP method

(47) Mayer, P. M.; Parkinson, C. J.; Smith, D. M.; RadomJLChem.
Phys.1998 108 604-615.

comparison of the B3LYP €H BDEs with the three different
basis sets (Table 2) that a larger basis set leads to negligible
differences in comparison to experiment in the predictedHC
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Table 2. Comparison of Basis Sets for the B3LYP Calculation of ~ BDEs for the G-H bonds next to the nitrogen atoms in the

BDEs at 298 K (in kcamol™) azabenzenes was attributed to the neighboringNhteractions
6-314+ 6-311+ that lead to stabilization of the radical via resonaficeAn
parent  site 6-31G(d) G(d.,p) G(3df,2p) exp earlier theoretical study also explored the relative stabilities of
benzene 1 110.8 110.6 1106 113H.5° the pyridyl and diazyl radicals using the MP2/DZP//RHF/3-
pyridine 2 1056 1050 1049 1062 21G level of theory?
3 ﬂég 1557 1o 1% > The work presented here further examines the relative
o ; . . stabilities of these radicals as well as the radicals formed from
pyridazine 3 107.0 106.5 106.6 ) ; . ; X -
4 1089 1086 108.7 pyridazine and pyrazine using a variety af initio methods.
pyrimidine 2 107.2 1068 106.6 a8 2¢ The BDEs of all of the six-membered aromatic rings calculated
4 1047 1042 1042 1082 with the B3LYP method are shown in Figure 1, with experi-
5 1122 1120 1121 1122 mental C-H BDEs shown in italics. It is evident that the energy

pyrazine 1 105.7 105.2 105.0 1@832°

foran 5 1184 1187 1187 required to remove a hydrogen atom from the azabenzenes is

greatly influenced by the presence of a nitrogen atom in the

w
=
(=
(o]
w
=
[N
o]
S
[N
=
¢4}
[}

thiophene 2 1166 1166 1166 six-membered aromatic ring. For example, the B3LYP method

3 113.8 1137 1138 predicts that &H bond cleavage from the carbon adjacent to
pyrrole 2 1181 1183 1184 11281 the nitrogen (the 2 position) in pyridine 485 kcakmol~! more

3 117.6 117.7 117.8 11281 facile than cleava ;

; . ge of a-€H bond in benzene. In contrast,
n 89.8 94.3 93.7 8& 29 96.6+ 4 " -
the C-H bond cleavages at the 3 or 4 position of pyridine are

av errof 3.1 3.0 3.0 quite similar to that of benzene, with onlyal kcatmol!

aThe radical site (see Figures 1 and PReference 4¢ Reference preference for abstraction from the 4 position over the 3 position.
9. 9Reference 11¢Reference 54 Average of the absolute error of  The B3LYP calculations can be compared with a high-
(experiment— theory) for C-H bonds. temperature pyrolysis study of pyridine that yielded L BDEs

at each of the unique carbon positions in pyridine via an analysis

BDEs. Most importantly, the relative stability of the radicals of the decomposition productsThe results of this shock tube
remains UnChanged from that predicted via the smaller 6'316(d)study agree quite well with the B3LYP calculations in the
basis set upon the inclusion of basis functions of higher an9U|arprediction of the low G-H BDE for the 2 position of pyridine.
momentum and diffuse functions. Not surprisingly, the bond The experiment was unable to determine a preference for
strength. of the more polarN—| pond is affected by the size of ~ hydrogen atom loss from the 3 or 4 position of pyridine.
the basis set. Inclusion of higher angular momentum basis |, general, there is good agreement between the present work
functions results in a slightly higher\H BDE in pyrrole by and the previous calculations, as well as with the available
~4 kcatmol™. experimental data for the-€H BDES of six-membered aromatic

1. C—H BDE of Benzene.The B3LYP/6-31G(d) calculations  rings. However, calculations of the relative stability of the three
for the dissociation of a hydrogen atom from benzene to form radicals formed from pyrimidine differ from the order deter-
the phenyl radical will serve as the standard for Comparison mined e)(perimer‘][a"?,_9 An RRKM ana|ysis of shock tube
with the other aromatic hydrocarbons presented in this work. experiments indicates that the 2-pyrimidyl radical is the most
To accurately predict the-€H bond strength, the computational  stable radical of pyrimidine, followed by the 4-pyrimidyl and
method must first reproduce the geometry of both the parent 5_pyrimidyl radicals, with G-H BDEs of 98, 103, and 112
and the radical. The €C and C-H bond lengths for benzene  kcakmol2, respectively’. The corresponding B3LYP €H
calculated at the B3LYP level are in excellent agreemAnt( BDEs are 107.2, 104.7, and 112.2 kcabl™%, respectively.
—0.0005 A andA = +0.003 A, respectively) with those  Resonance structures of the 2-pyrimidyl radical were invoked
determined by high-resolution spectroscdpyHydrogen ab-  py Kiefer and co-workers to rationalize its stability. However,
straction from benzene gives rise to a widening of theGs-C the previous theoretical stutfyand the current calculations
bond angle at the radical site by 3and a shortening of the  predict that the radical stability decreases in the order 4-pyrim-
adjacent C-C bonds by 0.019 A. The unpaired electron in the gyl 2-pyrimidyl, and 5-pyrimidyl. The effect of nitrogen atoms
phenyl radical is located in an %prbital that is orthogonal to  gn the strength of EH bonds in aromatic systems will be
the 7 system. However, analysis of the spin density suggests explored in greater detail in a forthcoming paper.
that spin polarization occurs in both theand systems (see 3. BDEs of Five-Membered Aromatic Rings: Furan,
Discussion). The €H BDE of benzene calculated at the  Thjgphene, Pyrrole, and OxazoleTo date, few experiments
B3LYP level is 110.8 kcamol ™ at 298 K, which is very close  paye peen performed to determine thekChond strengths in

to the most recent exp_elrimental values of 11+.2.8" o and five-membered heterocyclic molecules. Unlike the azabenzenes,
1135 £ 0.5! kcakmol™ at 300 K, both determined via  the thermal decomposition reactions of furan and pyrrole are
thermochemical cycles from EA anfiHaqis measurements. not initiated by the cleavage of a—@ bond. Instead, the

2. BDEs of Azabenzenes: Pyridine, Pyridazine, Pyrimi-  experiments suggest that five-membered heterocyclic com-

dine, and Pyrazine.Recent experimental results have added pounds, including furan and pyrrole, isomerize or decompose
considerably to the understanding of the thermochemistry of via unimolecular reactions that involve scission of the@or

the azabenzenés? These studies show that the pyrolyses of Cc—N bond5°-52

pyridine, pyrimidine, and pyrazine are initiated by the homolysis  The calculated BDEs of the five-membered aromatic mol-
of the C—H bond with a barrier that is lower than the barrier gcyles are shown in Figure 2. The average BDE for five-
for cleavage of the €H bond in benzene. The lower-CH

(50) Organ, P. P.; Mackie, J. @. Chem. Soc., Faraday Tran$991
(48) Herzberg, G. H.Molecular Spectra and Molecular Structure: 87, 815-823.

Electronic Spectra and Electronic Structure of Polyatomic Moleciles (51) Lifshitz, A.; Bidani, M.; Bidani, SJ. Phys. Cheml986 90, 5373~
Nostrand Reinhold Co.: New York, 1967; Vol. IlI. 5377.
(49) Berkowitz, J.; Ellison, G. B.; Gutman, D. Phys. Cheni994 98, (52) Lifshitz, A.; Tamburu, C.; Suslensky, A. Phys. Cheml989 93,

2744-2765. 5802-5808.
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membered rings (117.1 keadol™?) is higher than that for the
six-membered rings (108.3 kealol™1). Also, cleavage of a
C—H bond in a five-membered ring requiress kcatmol~!
more energy than breaking a-€1 bond in benzene. From this
observation, the dissociation of a® bond in five-membered
rings seemingly requires more energy because these rings are
less able to accept the geometric perturbation that follows
cleavage of a €H bond. Furthermore, in contrast to the six-
membered rings, the preference for abstraction within the five-
membered rings varies only moderately between sites in the
five-membered rings. In particular, the stabilization of the ortho
radicals (2 position) that was observed in the six-membered
aromatic rings is absent in the five-membered rings. For
example, the preference for abstraction from the 3 position over
the 2 position in furan is smallq0.1 kcatmol=1). However, in
the case of pyrrole, and even more so in the case of thiophene,
hydrogen atom loss from the 3 position is favored over the 2
position by 0.5 and 2.8 kcahol™2, respectively. The origin of
this effect will be discussed below.
Pyrrole differs from the other molecules studied in that it is Figure 3. B3LYP/6-31G(d) bond dissociation enthalpies (koal 2,
an aromatic heterocyclic amine with an—M bond. The 298 K) for the cleavage of the-€H bond at each unique radical site
calculated N-H BDE (~89 kcatmol™?) is significantly lower for polycyclic aromatic hydrocarbons: (a) naphthalene, (b) anthracene,
than the average -€H BDE of the other aromatic molecules, () pyrene, and (d) coronene. The difference between thel BDE
but is in excellent agreement with éh0 K N—H BDE thhe po!ycycllc molecule and the corresponding monocyclic molecule
determined via photofragment translational spectroscogg( 'S 9ven in brackets.
kcalmol™1).11 The same experimental work reported that
cleavage of one of the two €H bonds occurred at-112
kcalmol~! but did not distinguish the site of the bond cleavage.
The C-H BDEs in oxazole demonstrate that simultaneous
oxygen and nitrogen atom substitution provides similar pertur-
bations in a five-membered ring, and there is little, if any,
cooperativity.

Coronene

Pyrene

site could be understood in terms of steric congestiéAThe
PAHs chosen in this study do not include closely positioned
hydrogens, and thus, a different explanation must be offered.
An earlier MNDO study* suggested that the energy required
to cleave a €&H bond in a PAH could be predicted by the
bonding of the two neighboring carbon atoms, though the
) o conclusions drawn here differ considerably. For example,
4. BDE of Polycyclic and Polyheteroatomic RingsThe anthracene has three unique 8 bond positions: the 1 position
agreement between the experimental and calculated BDEs is adjacent to both a secondary and a tertiary carbon; the 2
for the monocyclic compounds provides confidence that the position is adjacent to two secondary carbons; and the 9 position
B3LYP method can be used to predict reliably the bond js adjacent to two tertiary carbons. The MNDO study found
strengths of PAHSs, for which few quantitative experimental that the G-H bond at the 9 position in anthracene was several
values are available for comparison. The results of the BDE yjigcalories per mole weaker than that of a8 bond in
calculations for both polycyclic and polycyclic heteroatomic penzene. However, the B3LYP calculations predict that hydro-
aromatic hydrocarbons are presented in Figures 3 and 4,gen atom loss from site 2 in anthracene, the position in which

respectively. The B3LYP BDEs are shown at each unique the G-H bond is most like a €H bond in benzene, is favored
carbon site for each aromatic compound. The difference betweengyer abstraction from sites 1 and 9, which are adjacent to a

the calculated BDEs of the PAHs and that of the corresponding bridging C, but only by<0.5 kcatmol~. The preferences for
BDE in the monocyclic analogue is given in brackets. abstraction presented here differ slightly from the previous DFT
a. Carbonaceous PAHs.PAHs comprising only fused  work24 yet preserve the preference for abstraction at the least
benzene rings (Figure 3) exhibit the least amount of variation reactive carbon site, if only by 0.1 keaiol™1.
in C—H bond strengths. The €4 BDEs for representative b. Heteroatomic PAHs: Six-Membered Rings Fused to
benzenoid PAHSs of two, three, four, and seven fused benzeneBenzeneWe have also considered polycyclic PAHs that contain
rings (naphthalene, anthracene, pyrene, and coronene, respegreteroatoms (Figure 4). It is evident that the predicteeHC
tively) vary little from the predicted €H bond strength of  BDEs of the polycyclic aromatic rings are also governed by
benzene. Naphthalene is the only PAH in which an assessmenpoth the position of the €H bond with respect to the
of the C-H bond strengths relative to benzene has been heteroatoms in the ring and the number of atoms in the ring. A
measured experimentally. The B3LYP method predicts that the greater variation in the strength of-&f bonds is observed in

energies required to cleave the—8 bond to form the
1-naphthyl radical (111.1 kcathol™?) and the 2-naphthyl radical
(110.9 kcaimol™1) differ from the energy to cleave the-H

the six-membered bicyclic PAHs that contain nitrogen. The 2
position is the only &H bond adjacent to nitrogen in quinoline,
whereas isoquinoline has two such sites. The 1 position in

bond in benzene by only 0.3 and 0.1 keabl™?, respectively.  isoquinoline is adjacent to both a nitrogen and a bridging carbon
These values agree quite well with both a previous DFT whereas the 3 site is adjacent to a nitrogen and a carbon that is
calculatio?* and the very recent gas-phase ion chemistry next to a bridging carbon. The B3LYP calculations predict that
experiment that determined the-€l bond strength to be 111  the radical formed at the 1 site4s2.5 kcatmol~* more stable
+ 3 kcatmol™! for naphthalené® than that from the 3 site. This is in agreement with a recent
Previous DFT computational studies of PAHSs, including thermal decomposition study that found that the most favored
several PAHSs larger than those in the present study, concludedpathway for decomposition of isoquinoline was initiated by
that the preference for hydrogen atom loss from a particular hydrogen atom loss from the 1 positi&hThe experimental
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A -47]
Dibenzofuran Carbazole

Figure 4. B3LYP/6-31G(d) bond dissociation enthalpies (koabl™%, 298 K) for the cleavage of the-&H bond at each unique radical site for
polycyclic heteroatomic molecules: (a) benzofuran, (b) indole, (c) quinoline, (d) benzothiophene, (e) benzoxazole, (f) isoquinoline, ¢f)rdibenz
and (h) carbazole. The difference between theHCBDE of the polycyclic molecule and the corresponding monocyclic molecule is given in
brackets.

analysis of the decomposition of the quinolines was simplified 3_H
by assuming that all of the €H bonds on the fused benzene * +6.8 kcal/mol H
ring possessed the same bond strength. However, the B3LYP 2 - S
calculations suggest that there4€2 kcatmol=! variation in N N

H

the strength of the four benzene-like-& bonds in quinoline,
with the most energy being required to cleave theHCbond indole indolenine
at the 8 position.

c. Heteroatomic PAHs: Five-Membered Rings Fused to  the experimental value. However, the calculatedtHNbond

BenzeneOxygen and sulfur are present in coal in several forms strength (86.9 kcamol™) is in good agreement with the
due to the variety of the original plant functionalitieslowever, experimental value (88 kcaholY).

as the process of coalification progresses, aliphatic structures
are converted to heterocyclic structures and finally to heteroaro-si,[e in a PAH and the corresponding site in the monocyclic

matic sitr_ucilrjlres. C(Zjon(tjensfed flfrans and_ th|opL1_err1]ef] areb als romatic compound, there is considerably more variation in the
present in the products of coal processing, Which has BEeNy_py ppes. A comparison of the NH BDE in the related

_ra_ttl_o?allzetd b_y ttrr:elr St%b'“:y at low te_mp:aratu?eﬁ ft_rﬁc compounds pyrrole, indole, and carbazole will demonstrate the
initiation Step In theé combustion process Is cleavage o effect that the aromatic network has on the-N BDE. The

bond, then the I_33LYP prediction of relat_ively higher-& . calculations predict the NH BDEs to be 89.8, 86.9, and 85.1
BDEs for aromaﬂc_molecules_ th_at contain five-membered rings kcakmol~1 for pyrrole, indole, and carbazole, respectively. These
IS 1n a_greement_wnh these _fmdmgs. . . same N-H BDEs were experimentally measured in DMSO
Similar to their monocyclic analogues, there is a paucity of solution and adjusted to yield gas-phase values, yieldingiN
experimental thermochemical data for the polycyclic molecules BDEs of 96.6 93.8 and 92.7 kealol-* for pyrr(;le indole

tEat conr:ain fivg-memtl)ere(; ringf:]shfus(;ad toa b(_ar_lzene} _rindg.lA and carbazole, respectivély Although the absolute B3LYP-
thorough experimental study of the decomposition of Indole - jated N-H BDEs differ by slightly more than the 4
indicated that hydrogen atom loss from indole is more facile kcakmol-* experimental uncertainty noted by the authors, the

i 7 pl
than tlndpfyrrt_)lzl. Ingever, ?hc H bonddstren%th was not X ualitative trends are reproduced. The relative energies obtained
reported for indole because thé proposed mechanism sugges y each method are the same. As the number of benzene rings

that indole first isomerizes to indolenine, followed by hydrogen fused to pyrrole increases, the— M BDE is calculated to

atom elimination Dyc—n = 70 kcatmol™1) from the si carbon d 1 i .

o ) ecrease by 2.9 and 4.7 kgabl™1, similar to the experimental
at the 3 position. Our B3LYP/6-31G(d) calculations suggest that differencesyof 28 and 3.9 keatol-1 P
this isomerization requires less than 7 ko@bl~* and that the ' ' ’
subsequent hydrogen atom loss from thé sgrbon at the 3 (53) Bordwell, F. G.; Zhang, X.; Cheng, J.-P.Org. Chem1991 56,
site in indolenine requires 80.1 kealol™2, which is higher than 3216-3219.

Although there is a range of-€H BDE values for a particular
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120 correlated with a reduction in the stability of the radical and an
. increase in the €H BDE of a six-membered ring. This

i o smemberedring geometric evidence can be used to rationalize the relative

® 6-membered ring stability of the radicals formed from pyrimidine as predicted

15 |- by B3LYP. The bond angle widens at the radical site by, 2.5

3.8°, and 5.0 following hydrogen atom loss from the 4, 2, and

5 carbon positions, respectively, which is well correlated with

the B3LYP prediction that the stability decreases in the order

4-pyrimidyl, 2-pyrimidyl, and 5-pyrimidyl radicals.

Similar geometric arguments can provide insight into the
calculated G-H BDEs of the five-membered aromatic mol-
ecules. A regular pentagon has internal angles of.188wever,
the aromatic five-membered rings are distorted by the presence
T R B BN B B of the heteroatom (X). The resulting ring possesses shortened

2 3 4 5 6 C—X bonds and a contracted X—C bond angle. The
Bond Angle Difference (Radical - Parent) perturbation of the ring is greatest in thiophene where the
C—X—C bond angle is significantly smaller-01°) than that
of furan and pyrrole {107°—110).

Five-membered heteroatomic aromatic rings also have un-
equal contributions to the system from the C and X atoms.
Each of the heteroatoms of the five-membered rings must donate
two electrons to ther system to become aromatic. The
hybridization of carbon in benzene is?spith an ideal bond
angle of 120. However, in five-membered rings, the bond angle
in the parent ring must be reduced+d 08 and the hybridiza-
tion at the site of the eventual hydrogen atom loss deviates from
pure sp character. The cleavage of the-8 bond to form the
radical always leads to an increase in the bond angle at the
radical site. It can be seen in the top trace of Figure 5 that, for
e b b b e b e 1 five-membered rings, a greater change in radical bond angle is

1 2 3 4 5 8 correlated with a lower €H BDE. Stated another way, the
Bond Angle Difference (Radical-Parent) five-membered-ring radical is more stable when the radical bond
Figure 5. Relationship of the calculated-€H BDE with respect to angle approaches that of pure? ¢yybridization.
the change in the internal bond angle at the radical site that occurs A general statement can also be made that, for both five-
upon hydrogen atom abstraction from monocyclic and bicyclic aromatic 54 six-membered aromatic molecules, the radical formed from
molecules, shoyvn in t_he top and b_ottom traces, respectively. The bondcleavage of a EH bond becomes more stable as the bond angle
angle ghange |_s_def|neq as radical parent._ln the top trace the _at the radical site approaches 12@or six-membered rings
correlation coefficient for five-membered and six-membered monocyclic ; !
rings is 0.97 and 0.84, respectively. In the bottom trace, the correlation € @ngle needs to get smaller in order to approach, Wereas
coefficient for bicyclic rings that contain benzene fused to five- @ five-membered ring needs the angle at the nascent radical
membered and six-membered rings is 0.94 and 0.88, respectively. ~center to become larger to approach 120
The geometric changes upor-& bond cleavage studied are
Discussion quite regular in the heteroatomic PAHs studied. In each case,
there is a widening of the internal bond angle at the radical
center following loss of the hydrogen atom. The bottom trace
in Figure 5 shows a dependence of the PAH BDE on the change

in bond angle that is analogous to the top trace for the

110 -

C-H BDE (kcalimol)

105 —

120

115 -

+ 6/5 bicyclic ring
® 6/6 bicyclic ring
110

C-H BDE (kcal/mol)

105 -

la. General Trends in Bond Dissociation Enthalpies:
Geometries. A consideration of both the geometric and
electronic properties of the parent compounds and their radicals
can lead to an understanding of the calculateeHBDESs. The : S
formation of a radical following hydrogen atom loss from a mono_cycll_c molecules. In_general, the b_|cycI|c molecu!es that
parent aromatic molecule is accompanied by regular changesconta'n a five-membered ring fused to a six-membered ring have

in the optimized geometry. As we previously noted, when the C—H B_DES ,tha,‘t are lowest when the change. in bond anglg at
C—H bond in benzene is cleaved to form the phenyl radical, the radical site is greatest. Conversely, fused six-membered rings

there is a widening of the bond angle at the site where the radical€XNiPit the same behavior as the monocyclic six-membered rings
is formed and a shortening of the adjacent bonds. In such that a departure from the ideaf ond angle gives rise

addition, to accommodate the unpaired electron there is ato higher C-H BDEs.

reduction of the bond angles adjacent to the radical site for the P- General Trends in Bond Dissociation Enthalpies: Spin
aromatic ring. Densities.A further look at the electron distribution within the

In general, the presence of a nitrogen atom in a six- Parent and radical aromatic rings is required to elucidate the
membered-ring aromatic system results in a stabilization of trends in C-H BDEs. Previous descriptions of the electronic
radicals formed via €H bond cleavage. The hybridization of ~ Structure of the radicals formed from-G1 bond cleavage in
each atom in the azabenzenes is nearly of pufeckpracter aromatic molecules were found to be inaccurate due to the large
and the nitrogen electron pair is in ar?spbital. As a result ~ SPin contamination of the UHF wave functigh*>> For
the internal bond angles of the azabenzenes-d@r20°. Upon example, the computefor the phenyl radical at the UHF/
cleavage of a €H bond, the bond angle at the radical site is (54) Pacansky, J.- Liu, B.. DeFrees, D.Org. Chem1986 51, 3720~
increased by as much a$.3t can be seen in the top trace in 3757 Yo HHL B B
Figure 5 that the departure from the ideaf §@nd angle is (55) Hameka, H. FJ. Org. Chem1987, 52, 5025-5026.
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Table 3. Calculated Electronic and Geometric Properties of 120
Monocyclic Aromatic Radicals
ang|e C—H L Monocyclic Rings: ¥ :
parent sitt. [0  o—p° changéd BDEPe + S-membered ring
o 6-membered ring
benzene 1 0.7575  0.88 5.7 110.8 ="
pyridine 2 0.7551 0.75 2.8 105.6 E
3 0.7575 0.86 5.2 111.3 E F
4 0.7567 0.85 5.3 110.0 :‘7
pyridazine 3 0.7550 0.74 2.9 107.0 2 110 |
4 0.7569 0.77 4.2 108.9 T
pyrimidine 2 0.7551 0.77 3.8 107.2 ©
4 0.7545 0.73 25 104.7 I
5 0.7574 0.85 5.0 112.2
pyrazine 1 0.7552 0.72 1.7 105.7 105
furan 2 0.7601 0.89 3.4 118.4 1 | | |
3 0.7574 0.91 3.6 118.3 —_—
thiophene 2 07611  0.91 4.0 116.6 07 0.75 08 085 08 0.9
3 07581 087 5.1 113.8 Excess Spin Density (. ~F)
pyrrole 2 07585  0.89 3.5 118.1 120
3 0.7568 0.91 35 117.6 ., 3
oxazole 2 0.7580 0.82 3.3 117.8 r . ¢
4 0.7599 0.89 2.7 119.9 .
5 0.7571 0.86 3.0 117.2 15 b
Bicyclic Rings: .
aThe radical site (see Figures 1 and 2B3LYP/6-31G(d) level of + sites in 5-membered ring .

theory. ¢ Spin density population at radical site determined by Bader’s @ sites in 6-membered ring

theory of atoms in molecules at the B3LYP/6-31G(d,p)//B3LYP/
6-31G(d) level of theoryd Bond angle widening upon H atom loss
defined as radicat parent, in degree$.BDE at 298 K in kcaimol™.

C-H BDE (kcal/mol)

6-31G(d) level is~1.4. It has been demonstrated, however, that
DFT considerably reduces spin contamination in aryl radi- 105 |-
cals?42545 The computed®0values for all of the radicals T
studied here at the B3LYP/6-31G(d) level are very close to the 0.70 075 0.80 0.85 0.90 0.95
expected value of 0.75 (Table 3). Excess Spin Density (o - f3)

The spin densities of the radicals were evaluated via Bader's Figure 6. Relationship of the calculated- BDE vs the spin density

theory of atoms in molecules (AIN)*+#2at the B3LYP/(_5- calculated via the AIM procedure for monocyclic and bicyclic aromatic
311+G(d,p)//B3LYP/6-31G(d) level. From these calculations, rings. The BDEs were calculated using the B3LYP/6-31G(d) method.
the excess spin densityn(— f) at each radical site was  The spin densities were calculated using B3LYP/6-B&1d,p) wave
determined. The formation of the phenyl radical from benzene functions evaluated at the B3LYP/6-31G(d)-optimized geometries. The
will again be used to gauge the stability of the radical with correlation coefficient is 0.85 for monocyclic rings (top trace) and 0.80
respect to spin density. The calculated AIM spin density in the for bicyclic rings (bottom trace).
phenyl radical predicts that the unpaired electron is almost rings, resulting in higher €H BDEs. This supports the trends
completely localizedd — 8 = 0.88) at the radical site. Alower  observed in the change in geometry. The AIM spin density
C—H BDE is expected when the unpaired spin is not localized calculations of the PAHs show that, in general, cleavage of a
on one atomic center but instead is delocalized over more atomicC—H bond leaves the odd electron localized at the radical center
centers, which stabilizes the radical. By this argument, the spin (see Supporting Information, Table S11). Therefore, extension
density population for the radical centers formed via hydrogen of the & system in the PAHs has little effect on the strength
atom loss from a carbon neighboring a nitrogen in the and electronic structure of the C—H bonds. The resulting
azabenzenes should be lower than the spin density populatiorradicals formed at carbon centers that neighbor nitrogen in the
of benzene. The pyridyl radicals provide an example of this bicyclic molecules such as quinoline and isoquinoline also show
prediction. The AIM calculations predict that the spin density a sharing of the radical spin with the nitrogen and a lowetH
at the radical site in 2-pyridyl is 0.75, with an excess spin density BDE, similar to the radicals formed in pyridine and the diazines.
of 0.15 on the nitrogen atom, indicating the delocalization of 2. Temperature Effects on C-H BDEs. The C—H BDEs
the radical within the aromatic ring. On the other hand, theHC presented in this study provide an understanding of the
BDEs of the 3- and 4-pyridyl radicals were calculated to be preference for H atom abstraction from small aromatic hydro-
very similar to the G-H BDE of benzene, and the AIM  carbons at 298 K. However, the temperatures in coal combustion
calculations support this finding with spin densities at the radical processes can fall in a typical range of 5®00 K. To
site of 0.86 and 0.85, respectively. demonstrate whether 298 K BDE calculations are relevant at
In general, there is a correlation between the spin density temperatures well above 298 K, the energy required to cleave
population and the €H BDE (Figure 6), and the correlation a C—H bond in benzene, furan, and pyridine was calculated in
is independent of the number of atoms in the aromatic ring. the temperature range from 300 to 2000 K for the formation of
The spin density populations can also be used to understandhe most stable radical for each. As shown in Figure 7, the effect
the relative stability of the radicals formed from the same parent of temperature on the calculated-€& BDEs evaluated at the
molecule as well as between radicals formed from aromatic B3LYP level is small, with a variation of onkt2.5 kcatmol™!
molecules of different ring size. This analysis suggests that therebetween room temperature and 1200 K. Therefore, accurate
is less sharing of the excess spin density in the five-memberedconclusions with respect to coal combustion processes can be
rings. As a result of the localization of the radical density, five- expected when €H bond strengths calculated at 298 K are
membered rings form less stable radicals than six-memberedused.
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3. PAHs Can Be Approximated by Monocyclic Aromatic
Compounds. The C-H bond dissociation enthalpies of the
monocyclic aromatic hydrocarbons calculated via B3LYP/6-
31G(d) reproduce quite well the available experimentalHC

Barckholtz et al.

of larger aromatic molecules. In addition, reliable-B BDEs
can be obtained with even a very modest basis set, 6-31G(d),
because the €H bond is nonpolar.

This computational study has endeavored to study specific
bonds, CG-H and N-H, within a coal matrix to gain an
understanding of the chemical reactivity of coal. To that end,
the C-H and N-H BDEs of several monocyclic and polycyclic
aromatic molecules were studied, including molecules that
contain the heteroatoms O, S, and N. The cleavage of 6l C
or a N—H bond generates@radical that, in general, is localized
at the radical site. The €H bond adjacent to nitrogen in the
azabenzenes is predicted to-b& kcatmol~! weaker than the
C—H bond in benzene due to delocalization of the unpaired
electron. Both localization of the spin density and geometric
factors following cleavage of a €+ bond contribute to the
stability of the radicals formed. Therefore, five-membered-ring
radicals are~6 kcatmol™! less stable than those formed from
six-membered aromatic molecules. We, therefore, predict that
in coal the C-H bonds on any five-membered ring will be
significantly less reactive than those on six-membered rings.
The location of the heteroatoms in the aromatic ring affects the
C—H bond strengths more significantly than the size of the
aromatic network. Therefore, the monocyclic aromatic molecules
are good models to study the cleavage of aromati¢i®onds
in coal and can predict the €4 BDE of the polycyclic
molecules within 1 kcamol~1. However, increasing the size

BDEs for these rings. However, to gauge whether the mono- 4 the aromatic network does reduce the strength of amyN
cyclic aromatic hydrocarbons can adequately describe the initial )5 ds that are present.

processes of combustion in coal, calculations were also per-

formed on representative polycyclic rings that can begin to

model the extended carbon network. The extent to which the
monocyclic aromatic molecules can be used to represent
polycyclic molecules can be seen in both Figures 3 and 4. The

difference between the-€H BDE of the polycyclic ring and
that of the corresponding monocyclic ring is given in brackets.

In general, monocyclic BDE calculations can be used to estimate

the C—H BDE of the polycyclic molecules within 1 kcahol™1.

It is noteworthy that the exception to this trend is in the cleavage

of the C—H bond that is adjacent to a ring junction where the
ring junction is also adjacent to a heteroatom. At this position,
the C—H BDE can vary by as much as 2.4 kaabl~* as in the

case of benzofuran and in all cases is greater than the

monocyclic BDE by at least 0.6 keatol™1. It appears that a

more electronegative heteroatom yields a larger difference

between the polycyclic and monocyclic ring, as thelCBDE
of benzothiophene at the 7 position has a very similaiHC
BDE to that of benzene.

Conclusion
The B3LYP level of theory is a useful method to predict the

properties and BDESs for aromatic hydrocarbons. The agreement

of C—H BDEs predicted by B3LYP with the available experi-
mental values for the small aromatic molecules provides
confidence that the B3LYP method is well-suited to the study

The B3LYP method accurately reproduces the available
experimental BDEs. Therefore, the B3LYP method is a promis-

ing method to gain further computational insight into the
processes of coal combustion.
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