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The chemistry of small aromatic hydrocarbons with radicals of relevance to high temperature combustion
and low temperature atmospheric processes has been studied computationally using the B3LYP method and
transition state theory (TST). The reaction of H,38)( and OH with aromatic hydrocarbons can proceed by

two mechanisms: hydrogen-atom abstraction or radical addition to the ring. The calculated free energies for
the transition state barriers and the overall reactions show that the radical addition channel is preferred at 298
K, but the H-atom abstraction channel becomes dominant at high temperatures. The thermodynamic and
kinetic preference for reactivity with aromatic hydrocarbons increases in the oréy ©OH < OH. H-atom
abstraction from six-membered aromatic rings is more facile than from five-membered aromatic rings. However,
radical addition to five-membered rings is thermodynamically more favorable than addition to six-membered
rings. In general, the barrier heights and preferences for H-atom abstraction from sites within an aromatic
hydrocarbon are well correlated with the correspondirgHbond dissociation enthalpies.

Introduction barriers are not measured directly in the laboratory, it is even
o ) more difficult to evaluate the ability of the B3LYP method to
Elucidating the elementary reaction pathways for hydrocar- accyrately calculate transition state barriers. However, kinetic
bons during fuel processing and combustion is of interest not gy gjes; particularly those performed over a significant temper-
only to understand fundamental high temperature combustion 5¢re range, not only provide a means to determine an activation
chemistry, but also to gain insight into low temperature paprier, but they also provide experimental insight into the
atmospheric reactions that occur following hydrocarbon emis- yeaction mechanism as a function of temperature. Therefore,
sion into the environment. The chemistry of the combustion of {ha B3| vp transition state barriers were used with nonvaria-
fossil fuels such as coal and gasoline is complicated by the largeiona| transition state theory to calculate the reaction rate
fraction of aromatic compounds in the fuel. Benzene provides .gnstants in the temperature range 29800 K. Such an
the simplest model with which to study the combustion of ap5roach was demonstrated by Schlegel and co-workers for the
aromatic molecules. The reactions of benzene with H3R), ( study of the oxidation of metharté.

and OH have_ been studied e>_<per|menté11§/, and n_1uch The focus of this paper is the elucidation of the initial reaction
controversy exists over the chemistry that occurs during these o chanism of several small combustion radicals with a diverse
reactions. set of aromatic hydrocarbons. The preference for a particular
Although the reactions of benzene with H, &), and OH  reaction channel in the first stage of combustion chemistry has
have received considerable experimental attention, very few great implications for the final product channels. For example,
computational studiéshave been pursued to complement the if O atom abstracts an H atom from benzene to form the phenyl
experimental studies. Furthermore, virtually no computational radical, subsequent oxidation and decomposition will most likely
studies have been undertaken to study the reactions of smallyie|d a cyclopentadienyl (Gp radical and C@15-17 However,
radicals with heteroatomic aromatic rings. The objective of this it O atom adds to benzene, the stable adduct can undergo
study is to use computational methods to study the initial elimination of an H-atom to form the phenoxy radical, from
reactions of H, O %), and OH with several small aromatic \hich subsequent decomposition yields@gdical and CO as
compounds that represent some of the functional groups k”OW”productsl.B
to be present in coal. Previously, it has been demonsfrated Further motivation for this work is to provide insight into
that density functional theory (DFT) methdd$ can be ef- e actual mechanism for radical addition or H-atom abstraction
fectively applied to aromatic hydrocarbons. In this paper, the for the heteroatomic aromatic rings. It is difficult for experi-
B3LYP method"** was used to calculate the transition state mental studies to distinguish the actual reaction center at which
and reaction free energies of the H-atom abstraction and radicalyqgition or abstraction may occur among the unique sites of an
addition pathways for furan, thiophene, pyrrole, benzene, and aromatic ring. This is a complicated problem for all heteroatomic
pyridine with H, O {P), and OH. aromatic rings, because it is possible that radical addition can
Free energy calculations were performed to determine the occur at the heteroatom as well as at a ring carbon.
temperature dependence of the reaction pathways. However, Finally, it is instructive to assess the validity of the B3LYP
there are very little experimental data available to compare the method for the calculation of thermochemical and kinetic
calculated reaction energies with experiment. Because activationparameters for the reactions of aromatic hydrocarbons with small
radicals. A comparison between experimental studies and
* Corresponding author: hadad.1@osu.edu; 614-292-1685 (fax). B3LYP calculations of reaction energies, activation barriers, rate

10.1021/jp001884b CCC: $20.00 © 2001 American Chemical Society
Published on Web 11/30/2000



H, O (3P), and OH Reactions J. Phys. Chem. A, Vol. 105, No. 1, 200141

constants, and temperature profiles will demonstrate which OH with benzene are available that dominate in different
parameters can be accurately calculated by the B3LYP methodtemperature regimes. The first is the electrophilic addition to

for these systems. the benzene rirf§ to form the hydroxycyclohexadienyl radical
_ _ that can be collisionally stabilized but will decompose back to
Previous Studies reactants at moderate temperaturBsz(325 K)4143
H-Atom Reactions. The simplest free radical attack on an CcH, + «OH = CgHOHe ©6)

aromatic ring is the reaction of a hydrogen atof8)(with
benzene. The possible reactions that can occur include both

abstraction (1) and addition (2) reactions. The abstraction channel is thought to be a minor channel at

low temperatures and only becomes significant at temperatures

CoHg + He — CeHge + H, @ greater than 600 K14244

C.H; + «OH — C:H.e + H,O 7

C6H6+ He — C6H70 (2) 6' '6 6' '5 2 ( )
However, the preference for abstraction at high temperatures

CeHye — CgHg + He ) has been questioned in favor of an additi@imination path

that generates phent.
Several measurements have been made of the kinetics of reaction

1 and 2 via shock tu& 2! and FTIR/MS? experiments, and CgHg + ¢«OH — C;H;OHe — C;H:OH + He  (8)

for reaction 3 (the reverse of reaction 2) by radioly3i®5

discharge flow tube ESR/M%;27 flash photolysis-resonance  The uncertainty in the reaction products warrants further study

fluorescencé® and FTIR/MS?2 experiments. The conclusion of  of the attack of hydroxyl radical on benzene.

several of these studies was that at temperatures up to 1000 K, Heteroatomic Aromatic Hydrocarbon Reactions. The

the H S) atom undergoes electrophilic addition to the ring to additional functional groups present in the aromatic network

form the cyclohexadienyl radical ¢87, instead of abstracting  of coal add greater complexity to the reactions with?@, and

a hydrogen atom from a ring-€H bond?426-28 However, very OH that occur during coal combustion. However, there have

little effort has been made to bridge the gap between thesebeen few studies of the reactions of heteroatomic aromatic

kinetic studies and the chemistry that occurs under high hydrocarbons with H, O°P), and OH reported in the literature.

temperature combustion conditions. A kinetic measurement of the reaction of &) with pyridine®
Recently, ab initio studies of thegBs + He reaction have determined that the addition reaction occurred with a lower

been performed at various levels of theory that confirmed the activation barrier than for the analogous reaction with benzene.

experimental results.The activation barrier at 298 K for  Furthermore, it was deduced from the observed product

abstraction of an H atom from benzene to forgHe + H- distribution that there was a preference for electrophilic addition

was calculated to be higher than that for H-atom addition to to pyridine at the meta position.

benzene. In addition, the abstraction path was determined to be There are also a few reports of the reactions of@) (vith

an endothermic process, whereas the addition of H atorgiig C ~ five-membered aromatic rings such as fufathiophenet-48

to form GsHze was calculated to be exothermic. and pyrrole’® Although there is disagreement in the kinetic
O (®P) Atom Reactions.More controversy exists over the results from these experiments, evidence was found solely for

preferred pathway for the reaction of an oxygen atom with addition to the aromatic ring fof < 525 K. Reactivity studies

benzene than for the reaction of benzene with a hydrogen atom.of the five-membered aromatic rings, furan and pyrrole, with

The addition of atomic oxygen to benzene occurs by formation H and OH in aqueous solution indicate that addition of these

of a long-lived triplet biradica#? radicals occurs at the ortho posititie°
Similar investigations of the reaction of hydroxyl radical with
CeHg+ O (3P)—» CeHeO (4) five-membered aromatic rings have been performed to determine

the available reaction channels. There is general agreement that
A|ternative|y, hydrogen abstraction by an oxygen atom can the reaction of OH with furan proceeds via addition to a carbon

occur to produce phenyl and hydroxyl radicals. carbon double bon#f,5? analogous to the reaction of oxygen
atoms with furarf® It was also proposed that addition at the
CeHg + O ((P)— C4Hee + «OH (5) ortho position in furan would be preferred over addition at the

meta position due to the existence of an additional resonance

A few kinetic measurements of the reaction of oxygen atoms structure in the addition produgt>* Addition is also thought

with benzene have been reporf&ck® but very few experiments to be the preferred mechanism for the reaction of the hydroxyl

have been able to elucidate the mechanism for this reac__radical Wi_th thiophene. Most exp_e_riments to date have been
tion 2931.3237Most studies T < 1000 K) have concluded that inconclusive about the actual addition mechani$f#.55How-

the reaction of oxygen atom with benzene proceeds via addition €V€"» the barrier height for the reaction of OH with thiophene
to the ring2®31.32However, OH formation has been obser¥ed 'S thought to be Iowe_r than that for fu_ran, based on _the
in crossed-beam experiments at high collision energies that’®commended Arrhenius rate expression for these five-
correspond to a temperature high enough to overcome theMembered aromatic rings.

endothermicity of reaction 5.

OH Radical Reactions.A relatively large number of kinetic
studies have been reported for the reaction of the hydroxyl The potential energy surfaces for the reactions of H, O, and
radical with benzene, and the results of these studies areOH with monocyclic aromatic hydrocarbons were studied using
summarized as part of lengthy reviews on the chemistry of DFT.210All geometry optimizations and frequency calculations
hydroxyl radicals under atmospheric conditidi?8:3° The were performed using GaussiarP®4t the Ohio Supercomputer
prevalent view is that two reaction channels for the reaction of Center. The geometry of each structure was fully optimized at

Computational Methods
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the B3LYP/6-31G(d) levell 13 Transition structures and  with

products of aromatic hydrocarbons reactions with H and OH o \2
were treated as doublets. Corresponding structures for the (M = l+l wmi (10)
reactions with O atom were calculated as the triplet spin state. 24\ks T

Harmonic vibrational frequencies have also been calculated for - ]
each stationary point to verify the correct number of real and WhereQrs'(T), Qa(T), andQx(T) are the total partition functions
imaginary frequencies and to provide zero-point vibrational fOr the transition state, the aromatic hydrocarbon, anet N,
energy (ZPE) corrections, which were scaled by a factor of © OF OH, re_spectlvel¥, at temperatufekg is the Boltzmann
0.980657 The thermodynamic contributions to the enthalpy and €onstant.h is Planck’s constant, and; is the imaginary
free energy were also obtained from the unscaled vibrational ViPrational frequency of the transition state. For O and OH, the
frequencies in order to calculateH(T) andAG(T), respectively. electronic 'pgrtltlon function was calc'ulated usmlg the experi-
Transition states were confirmed to connect to reactants andMental splittings for the low-lying excited statés'* Using eq
products by incremental displacement (typically 10%) of the 9, ca_lculated rate constants can be directly compared to
structure of the transition state along the normal mode for the €XPerimental rate constants. ,
imaginary vibrational frequency in each direction, followed by The temperature. depender!ce .Of these regctlops were also
calculation of the analytical force constants and subsequentsmd'ed' T_he experimental activation enerBy, is defined by
optimization (opt= calcfc). Intrinsic reaction coordinate (IRC) the equation
searche®>were also used in some cases. dink Ea

In our recent study of aromatic hydrocarbdrisyas shown T E‘Z (11)
that the B3LYP/6-31G(d) level of theory can be used to reliably
calculate G-H bond dissociation enthalpies (BDE), and expan- For a reaction that obeys the Arrhenius equation,
sion of the basis set to 6-3115(d,p) led to an improvement in
the calculated dissociation enthalpy for the more polartN K(T) = Ae”=RT (12)
bond. Another recent stubfyshowed that the B3LYP method
could be used to calculate the potential energy surface (PES)
of the thermal decomposition of pyrrole in good agreement with
the more computationally demanding G2(MP2) method. Baus-
chlicher and Langhoff showed recently that B3LYP/4-31G
calculations yield reasonable BDEs, but larger basis sets wer
necessary for reactions involving electronegative heteroatoms
Therefore, single point energies at the B.3LYP/673H(d'p)// Arrhenius plot curvature for hydrogen-abstraction reactions.
B3LYP/6-3ilG(d) level, using six Ca.rtesmhfunc.tlons, were A curved Arrhenius plot results whe, is dependent on
calculated in order to obtain more reliable energies for the PES'temperature. Therefore, reaction rate constants were also fit by

Spin contamination, while a significant problem for unre- the equation
stricted Hartree Fock (UHF) wave functions for these species,
is not a significant issue for the B3LYP wave functiédg.he k(T) = ATMe EoRT (13)
[F?[value for doublet species calculated by the UB3LYP method
for the aryl radicals ranged from a typical value-00.76 to a
maximum value of~0.79. Conversely, UCCSD(T) and UQ-
CISD(T) calculations with a 6-3tG(d,p) basis set (for the
H-atom abstraction transition states and products with furan) E,= Eox + MRT (14)
were unsuccessful due to a lack of convergence at the SCF level
or in the coupled cluster iterations. Spin contamination is a  Although the B3LYP method has been shown to perform well
possible issue in the application of the CBS-GB®ethod to in the calculation of geometries, vibrational frequencies, and
these aromatic systems, although CBS-QB3 enthalpies forreaction energies, one criticism of the technique is that it fails
benzene, the phenyl radical, the radicals H, O, and OH, andt0 accurately predict transition state barriers. Although some
their respective parent species prior to H-atom abstraction werecomputational studié%’*have shown that the B3LYP method
calculated using Gaussian 8Spin contamination also causes ~Consistently underestimates (syi—6 kcal mot™?) the activation
great difficulty in applying UCCSD(T) and/or UQCISD(T) energies calculated at other correlated levels, other stadfes
methods for these systems. While others have utilized restrictedindicate that B3LYP activation energies are in good (within 2
open shell CCSD methods; ¢ the lack of size consistency is  keal mol1) agreement with experimental activation energies
of concern in a comparison over a diverse class of moleculesfor H-atom abstraction reactions. Therefore, it would appear
and reaction pathways_ During the review process for this that the accuracy of the B3LYP method for the calculation of
manuscript, we became aware of a recent study by Truhlar andactivation barriers should be judged separately for different

co-workers. We then also applied their MPW1K metffdd a reaction systems. Furthermore, since a general knowledge of
limited subset of the reactions considered here. the reaction of H, O, and OH with aromatic hydrocarbons

The B3LYP/6-313-G(d,p)//B3LYP/6-31G(d) transition state  '€/€vant to coal combustion is sought, a comparison of the
energies were used with nonvariational transition state theory KaadKabstracifatio as afu_nctlon of temperature will minimize any
with a Wigner estimate for the tunneling correctidr(T) to fffeth_of at ?ystt)em_atlc error in the B3LYP calculation of
calculate reaction rate constdiits ransition state barriers.

a plot of Ink vs 11T yields a slope that is equal toE4/R and

the computed activation barrier can be compared directly to an
experimental Arrhenius activation barrier. Rate constants were
computed over the temperature range 226800 K and then
fitted to the Arrhenius equation to determiBgandA. A recent
epapeF2 has shown that DFT methods can be used to reliably
* calculate the preexponentid, factor as well as reproduce the

A plot of In(k'T™ vs 1/T yields a slope that is equal /R
whereEq is the hypotheical activation barrier at absolute zero
and is related tdc, by the equation

Computational Results

kBT QTS*(T) —Ey/RT

kD=IM———-——¢€ 9) Two reaction channels— radical addition and H-atom
Nh - A . I
QalMQK(T) abstraction— were explored for the initial step in the oxidation
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reactions of H, O %), and OH with aromatic hydrocarbons
have been studied using the B3LYP method.

Reactions of Hydrogen Atoms with BenzeneThe reaction
of benzene with H atom was studied along both the H-atom
addition channel to form iz and the H-atom abstraction
channel to form @Hse + H, (Figure 1 and Table 1). At 298 K,
the addition channel has a modest transition state free energy
(AGH) of 8.3 kcal mot?! and is exoergic by 17.4 kcal nidl In
contrast, the abstraction channel has a high&F (13.6 kcal
mol~1) and is endoergic by 3.5 kcal mdél The B3LYP
transition state and reaction free energy presented here for the
addition pathway are in good agreement with the high level
; : calculations of Lin, Morokuma, and co-workéighough their
0 calculations only included ZPE corrections, and were not full

: free energy calculations). However, the H-atom abstraction
pathway results are not in as good agreement with the higher
level QCISD(T) and G2M(rcc,MP2) levels due to the apparent
underestimation of both the transition state and product energies
by the B3LYP method.

A better test for the B3LYP method is to compare the
calculations with experiment. A direct comparison of transition
state and reaction free energies between theory and experiment
is not available. However, calculation of the thermochemical

C.H and kinetic parameters throughout a temperature range facilitates
§ 7 the comparison. Energetically, the H-atom abstraction channel
<174 from benzene is calculated to be kinetically favored over H-atom
Figure 1. Profile of the free energy surface for the reaction gHE addition to benzene at temperatures abeté55 K. This result
+ Hat 298 K, calculated at the B3LYP/6-3tG(d,p)//B3LYP/6-31G-  supports the experimental determination that the abstraction
(d) level of theory (in kcal mot). channel is negligible at temperatures less than 1068 K.

Sauer and co-workers have studied the addition channel by
of benzene, pyridine, furan, thiophene, and pyrrole. Although following the UV absorption of the cyclohexadienyl &)
the thermochemistry and kinetics for the reaction of benzene radical. In separate experimertg*they determined the activa-
with H atoms has been studied previouslyhe analogous  tion energy for the addition of H atom to benzene to be 3.3 and
reactions with other combustion radicals or other aromatic 4.3 kcal mot?. These values are in good agreement with the
hydrocarbons have not been addressed by computationaffitted (T = 298-2000 K) B3LYP-TSTE, of 3.2 kcal mof?
methods. Here, the reactant and product minima, and the(Table 1). It should be noted that the G2M(rcc,MP2) calculations
transition states that connect them, for more than 80 unique of Lin, Morokuma, and co-workers determined Bgf of 8.9

TABLE 1: Thermodynamic and Kinetic Parameters for the Reaction of Monocyclic Aromatic Hydrocarbons with H Atom for
the H-atom Abstraction Channel (a) and Radical Addition Channel (b}

molecule  site Epmn AHpyn AGpn Eo* AH?* AGF  In Keorward Ea m Eox
(a) H-Atom Abstraction by H Atom

benzene 1 5.53 5.99 3.46 10.00 9.61 13.64—40.82 10.43:t 0.40 1.08+0.06 9.05+ 0.08

pyridine 2 -0.23 0.36 —1.52 7.92 7.07 13.25 —39.90 7.52-0.38  0.94+ 0.05 6.32+ 0.06
3 5.84 6.42 454 11.42 10.64 16.66 —45.91 11.28£0.37 0.90+0.02  10.13+0.03
4 4.55 5.13 3.67 10.69 9.89 16.36 —45.35 10.50t 0.37  0.94+ 0.02 9.30+ 0.02

furan 2 13.45 14.06 12.14 17.36 16.73  22.34-55.73 1757 0.36 0.88+0.05 16.45+0.07
3 13.21 13.79 11.92 16.82 16.15 21.86 —54.95 16.99t 0.35 0.83+:0.06 15.92+ 0.08

thiophene 2 11.40 12.03 10.05 15.25 1459  20.29-52.27 1541 0.35 0.83+:0.05 14.34-0.07
3 8.53 9.13 7.21 13.18 12.44  18.35 —48.88 13.16£ 0.36  0.85-0.04 12.07+ 0.06

pyrrole 2 12.90 13.65 11.46 16.75 16.21 21.59-54.48 17.09£0.36 0.89+0.08 15.95+0.10
3 12.43 13.05 11.12  16.17 15,51 21.21 —-53.84 16.33:t 0.35 0.82+-0.04 15.29+0.05
N —12.08 —1154 —12.95 22.05 21.10 27.78 —64.96 21.60- 0.26 0.46+0.07 21.02+0.09

(b) H—Atom Addition
benzene 1 —22.23 —2330 -—17.42 3.77 2.73 8.28 -—-31.91 3.22:0.29 0.55+0.01 2.52+0.01

pyridine 2 —22.61 —23.66 —17.20 4.18 3.13 9.75 —34.36 3.6+ 0.29  0.55+ 0.02 2.90+ 0.03
3 —23.05 —24.08 —17.69 4.01 2.97 9.58 —34.08 3.47+0.29 0.56+0.01 2.75+0.01
4 —22.09 —23.20 -16.16 4.41 3.36 9.98 -—-34.74 3.83£0.29 0.57+£0.02 3.11+ 0.02
furan 2 —33.54 —34.62 —28.03 1.38 0.44 6.83 —29.75 1.15-0.27 0.49+0.01 0.53+0.01
3 —21.34 —22.43 —15.82 3.91 2.83 9.50 —33.96 3.2%4-0.28 0.52+0.02 2.63+0.03
thiophene 2 —34.98 —36.04 —29.52 211 1.13 7.61 —30.96 1.76£0.28 0.52+:0.01 110+ 0.01
3 —23.51 —2429 —18.50 3.39 2.35 8.95 —33.08 2.8+ 0.28 0.53£0.02 2.19+0.03
pyrrole 2 —27.20 —28.35 —21.64 0.85 —-0.12 6.32 —28.92 0.59+ 0.26  0.45+0.02 0.01+0.03
3 —18.24 —-19.33 -—12.72 3.27 2.18 8.86 —32.90 2.63£0.27 0.50+£0.02 1.99+£0.03
N 15.82 14.74 2135 17.98 16.68 23.67 —57.19 1641 0.21 0.28+0.19 16.06+0.25

aB3LYP/6-31H-G(d,p)//B3LYP/6-31G(d) reaction (rxn) and transition stadeenergies are reported relative to reactants, in kcal-iné
energies include scaled ZPEHn, AGun, and Inkimwarg @re given at 298.15 KE, values are obtained from a fit of kavs 1/T (see eq 12) where
T = 298-2000 K. m andEy are obtained from fits of I{T™) vs 1/T (see eq 13) whergé = 298-2000 K.
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TABLE 2: A Comparison of Kaga/Kapstract @S @ Function of

11.0
Temperature for the Reaction of Aromatic Hydrocarbons
with H Atom 2
298 K 500 K 1000 K 1500 K 2000 K
10.0 - benzene 7318 66 1.7 0.45 0.23
- pyridine 2 254 20 2.8 1.3 0.9
o 3 14x10° 754 15 3.7 1.8
4 4.1x 100 493 17 51 2.7
furan 2 19x 10" 3.1x1F 765 45 11
00 3 13x10° 1.3x10° 129 12 3.7
thiophene 2 25 10° 5.7x10* 103 12 4.0
3 73x10¢ 7.4x1C 41 6.8 2.7
— pyrrole 2 13x 10" 2.0x 10F 465 27 6.4
09 10 11 t2 13 14 15 16 1.7 18 19 1.2x 109 1.2 x 1@ 121 11 3.5

1000/T

Figure 2. Arrhenius plot of the rate constant for theHz + H. reaction

(T = 550-1025 K). Experimental data shown iy are k data T =
550-650 K) taken directly from ref 22 (error bars from ref 22).
Experimental data shown ly are log k T = 700—1017 K) extracted
from Fig. 5 in ref 22 (error bars assigned based on 50% error in k
data). A fit to the experimental data shown gi&s= 9.7 kcal mot™.

The calculated results using B3LYP-TST with Arrhenius parameters
fitted from T = 298-2000 K (eq 12) are shown by the straight lines
with 1.7 kcal mof? added toE, to give the “adjusted” B3LYP-TST
line.

2 Rate constants were calculated using eq 9 based on the B3LYP/
6-311+G(d,p)//B3LYP/6-31G(d) level of theory.

state free energy for the addition of H atom to pyridine is
approximately the same at all three unique ring carbon positions
and is just slightly higher than that for H-atom addition to
benzene. The lowest barrier for H-atom addition to pyridine,
9.6 kcal mot?, is for addition to the meta carbon.

While the H-atom abstraction reaction is endoergic at the meta
and para carbons of pyridine, abstraction from the ortho carbon
is 1.5 kcal mot? exoergic. Also, the computed transition state
free energy for H-atom abstraction from the ortho carbon of
pyridine, 13.3 kcal mol!, is ~3 kcal mol! lower than the
barrier for abstraction from the other-& ring positions in

kcal moi* for this reactiort Therefore, one would expect the
experimentakE, to be higher, differing only by~2 kcal mol!
from the Eo* valué®® if pressure and tunneling effects were
negligible. pyridine.

To explore the quality of the calculation for the H-atom  The free energy surfaces for the reactions of H atom with
abstraction channel, the B3LYP results for the abstraction the five-membered aromatic rings are qualitatively similar to
pathway were compared to the experimental rate constant bythose for the reaction of H atom with either benzene or

Lin and co-workerg? An Arrhenius fit to the rate constant for
the GHse + H> reaction from ref 22 gives aB, of ~9.7 kcal
mol~1. Previous theoretical calculations at the G2M(rcc,MP2)
level obtained arEq* of 8.8 kcal mot1,# in good agreement
with experiment. For a direct comparison of the B3LYP-TST

pyridine: the addition pathway is thermodynamically preferred
over the H-atom abstraction pathway. However, the surfaces
are quite different quantitatively. For simplicity, only furan will
be discussed in detail as it is representative of the chemistry of
the five-membered ring compounds. The transition state barrier

method, the energetic parameters for the reverse abstractiorfor H-atom addition to furan is-3 kcal mol lower at the ortho

reaction, GHse + H, were calculated over the temperature
range of 298-2000 K. An Arrhenius fit T = 298—2000 K) to
the B3LYP energies gives an activation barrier of 4.5 kcal
mol~%. The calculated B3LYP rate constants are too fast
compared to the lower temperature & 550—-650 K) experi-
mental GHse + H; rate constants. Similar attem§tto calculate

position than at the meta position. Also, for the overall reaction
free energy at 298 K, it is' 12 kcal mot! more favorable for
the H atom to add to the ortho carbon of furan rather than the
meta carbon.

The very large barriers~22 kcal mot?) for H-atom
abstraction from the five-membered aromatic rings gives rise

barrier heights have shown that very often a small adjustmentto room-temperature reaction rates that afk0® times slower

of the calculated barrier will bring the calculated and experi- than the H-atom addition channel (Table 2). At elevated
mental rate constants into close agreement. Following this temperatures; however, the H-atom abstraction channel can
reasoning, if one were to add 1.7 keabl™* to the B3LYP compete with the addition channel. Throughout the temperature
calculated barrier, then the agreement with the lower temperaturerange of 298-2000 K, there is a slight preference, more evident
experimental data is excellent (Figure 2), although the agreementin thiophene than in furan or pyrrole, for H-atom abstraction

with the higher temperature dat@d & 700-1000 K) is less
good. The similarity of the B3LYP-TST and experimental
y-intercept values (i.e., lo§) suggests that the B3LYP-TST
method calculates a preexponential facfgrthat is in reason-

from the 3 position over the 2 position.

A comparison of the ratio of the calculated rate constants for
the addition channel with respect to the abstraction channel
(KaadKabstrac} for the five- and six-membered aromatic rings is

ably good agreement with experiment for this reaction. However, shown in Table 2. It is evident that the five-membered rings
better agreement with the experimental rate constants may bgfuran, thiophene, and pyrrole) will be less susceptible to H-atom
obtained with improvement in the level of transition state theory abstraction throughout a larger temperature range than will the
used with the BSLYP potential energy surfaces. However, we six-membered rings (benzene and pyridine). Furthermore,
believe that qualitative comparison of the different aromatic H-atom abstraction from the five-membered rings should not
reaction pathways can still be made. be favorable even at the highest temperature studied here (2000
Reactions of Hydrogen Atom with Heteroatomic Aromatic K). In contrast, the H-atom abstraction channel will be competi-
Hydrocarbons. The H-atom addition and abstraction channels tive with H-atom addition at temperatures greater than 1000
were also explored for the reactions of pyridine, furan, and 1500 K for the six-membered rings benzene and pyridine,
thiophene, and pyrrole (Table 1). Analogous to the reaction with respectively.
benzene, the H-atom addition reaction is exoergic at 298 K for  Reactions of Oxygen Atom with BenzeneThe PES for the
all of these heteroatomic aromatic hydrocarbons. The transitioninitial reaction of benzene with O atoms was studied by the



H, O (3P), and OH Reactions J. Phys. Chem. A, Vol. 105, No. 1, 200145

TABLE 3: Thermodynamic and Kinetic Parameters for the Reaction of Monocyclic Aromatic Hydrocarbons with O Atom for
the H-atom Abstraction Channel (a) and Radical Addition Channel (b}

molecule  site  Egmn AHyn AGyn Eo* AH?* AG*  In Kioward Ea m Eox
H-Atom Abstraction by O Atom
benzene 1 7.51 7.86 4.97 4.49 4.09 10.10-35.16 551+ 0.48 1.53+0.13 3.56+ 0.17

pyridine 2 1.77 223 —0.01 0.95 0.50 7.70 —30.43 142049 1.58+0.11 -0.59+0.14
3 7.83 8.29 6.05 5.44 5.00 11.97 —38.35 6.40+0.47 1.47+0.13 4.52+0.17
4 6.55 7.00 5.19 4.28 4.37 9.44 —34.28 593+ 0.43 1.21+0.22 4.39+ 0.29
furan 2 15.45 15.93 13.65 13.76 13.68 19.72-51.65 15.22+0.43 1.23+0.16 13.66+ 0.21
3 15.20 15.66 13.43 13.43 13.23  19.55-51.38 1469+ 0.40 1.09+0.14 13.30+ 0.19
2 13.40 13.90 11.57 13.53 13.33  19.83-51.83 14.78:0.42 1.15+0.13 13.31+0.17
3 10.52 11.00 8.73 9.07 8.70  15.40 —44.30 10.13+0.44 1.26+0.10 8.52+ 0.13
2 14.90 15.52 12.97 11.35 10.87 17.87—48.48 12.23+0.42 1.19+0.07 10.714+0.10
3P 14.43 8.29 6.05
NP —10.08 7.00 5.19

thiophene

pyrrole

(b) O—Atom Addition
benzene 1 -9.46 -—10.25 —3.06 0.01 -0.71 6.36 —28.94 0.21+0.33 0.71+0.05 —0.70+0.07

pyridine 2 —16.41 —17.14 —8.93 2.54 1.79 9.94 —35.00 2.67+0.31 0.65t0.04 1.84+ 0.06
3 —16.14 —16.81 —8.70 0.52 -0.18 7.83 —31.46 0.74£0.32 0.67£0.04 —0.12+0.05
4 —12.76 —1351 —5.18 2.45 1.71 9.91 —34.93 25%0.32 0.69t 0.05 1.71£ 0.07
furan z —34.09 —34.85 —26.51
3 —14.36 —15.09 —6.82 —1.69 —2.43 5.62 —27.70 —157+£0.31 0.64+:0.02 —2.384+0.02

thiophene 2 —28.33 —28.93 -—20.87 —4.28 —4.98 295 —2330 —4.08£0.29 0.55+-0.02 —4.784+0.02

3 —16.23 —16.85 —-8.79 -163 -2.35 569 —2785 —1.48+0.30 0.61+0.04 —2.26+0.06
pyrrole z —26.99 —27.78 -—19.41

3 —13.55 —14.05 —6.27 —3.10 -3.86 426 —2541 -3.00+0.31 0.63+0.03 —3.80+0.05

N 29.46 28.67 37.12 29.40 28.56  37.05 —80.39 29.28+£ 0.36  0.86+ 0.07 28.17+ 0.10

aB3LYP/6-31H-G(d,p)//B3LYP/6-31G(d) reaction (rxn) and transition stadeenergies are reported relative to reactants, in kcal-indl
energies include scaled ZPEHn, AGun, and Inkimwarg @re given at 298.15 KE, values are obtained from a fit of kavs 1/T (see eq 12) where
T = 298-2000 K. m andEy are obtained from fits of Ik{T™) vs 1T (see eq 13) wher@& = 298-2000 K.P The transition structure was not
located for these reactionsBarrierless reaction.

TABLE 4: Comparison of Kago/Kapstract @S @ Function of reaction of atomic oxygen with benzéf@@ccurs only at high
Temperature for the Reaction of Aromatic Hydrocarbons collision energies, i.e., “high temperatures.”

with O Atomab . N
An absolute comparison of the B3LYP kinetic parameters
298K 500K 1000K 1500K 2000K (T = 298-2000 K) for the addition reactiongBlg + O (P) —

benzene 503 18 1.2 042  0.24 CsHeO (Ea = 0.21 kcal mot?) with experiment E, = 4.03336
pyridine 2 0.010 0.034 0.060 0.061 0.059 4831 and 5.62 kcal molY) illustrates the deficiencies in the
431 g§583 ?)?067 %‘%12 00'.501061 0(')?(233043 cglcy!ation. The B3LYI_3 A_rrhe_nius _plot (ks 1/T) does shovy
furan 3 19x10° 36x10F 95 6 1.4 significant curvature, indicatind, is not constant over this
thiophene 2 2.5 10"? 8.2x 10° 582 22 4.1 temperature range. Also, at 298 K, the rate constant for O-atom
3 14x10 6540 18 23 0.77 addition is calculated to be an order of magnitude too slow with

@ kaadKabsuactTatios were not calculated for furan at the 2 position T€Spect to one experimental stﬁﬂand an order of magnitude
and pyrrole at the 2 and 3 positions due to the lack of a transition state too fast with respect to earlier experimental studie®.
barrier for either the O-atom addition or H-atom abstraction channel. Therefore, a comparison of the BSLYP-TST kinetic parameters
b3?fi%cgns}givw@?3C1a<'§‘é'af6d ‘lls'f”% eq 9 based on the B3LYP/6-yith experimental parameters is ill-defined, since the scatter in

(d.p) -31G(d) level of theory. the experimental rate constants (and preexponential factors) is
fairly large despite the agreement in activation energy.

Reactions of Oxygen Atom with Heteroatomic Aromatic
Hydrocarbons. The potential energy surfaces for the reactions

B3LYP method (Table 3). The product of the addition channel
is a triplet biradical GHsO. (Subsequent reactions of this

biradical will be presented elsewhere.) At 298 K, the addition X L )
channel has a modeaiG# (6.4 kcal mot?) and is exoergic by of O atoms with pyridine, furan, thiophene, and pyrrole (Table

3.1 kcal mot . The B3LYP calculations show that the addition 3) are qualitatively similar to the analogous H-atom reactions.
channel for the reaction of atomic oxygen with benzene is Although theAG* for addition of O atom to each of the 3 unique

preferred over H-atom abstraction at room temperature, in "ing carbons of pyridine is a few kcal mdl higher than for
agreement with earlier experimental studied.32 O-atom addition to benzene, the overall reaction free energy is
The abstraction channel, leading to the formation gfi& several kcal mol! more exoergic. The H-atom abstraction
+ OH. has aAG! = 10.1 kcal motl and the reaction is channel is as favorable as the addition channel for the room-
endoergic by 5.0 kcal mot at 298 K. The entropy contributions temperature reaction of pyridine with O atom. The most favored

will favor the H-atom abstraction channel at elevated temper- Sites from which H-atom abstraction will occur are the ortho
atures. Even so, experimental kinetic studies at temperatures2nd para €H bonds of pyridine. Furthermore, the calculations
up to 950 K have shown no evidence for the formation of OH SuPport the experimental observafiothat O-atom addition to

as a product! In agreement with these observations, the B3LYP PYyridine is considerably favored at the meta position.
calculations find that the transition state free energy for H-atom  In contrast to the six-membered rings, th&* for O-atom
abstraction from benzene becomes lower than that for additionaddition to the five-membered rings is either lower in energy
at ~1065 K. A comparison of thé&gdKapstractratio from the or barrierless. The B3LYP calculations suggest that transition
B3LYP rate constant calculations (Table 4) is also in agreement state structures do not exist for several of the addition products.
with the experimental observation that OH formation from the For example, there is an asymptotic energy profile for the
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TABLE 5: Thermodynamic and Kinetic Parameters for the Reaction of Monocyclic Aromatic Hydrocarbons with OH Radical
for the H-atom Abstraction Channel (a) and Radical Addition Channel (by

molecule  site  Egmn AHxn AGxn Eo* AH¥ AGF  In Krorward Ea m Bok
(a) H—Atom Abstraction by OH

benzene 1 —4.62 —4.33 —5.92 0.35 -0.12 7.20 —29.43 0.90+ 0.57 2.19+0.02 —1.91+0.07

pyridine 2 -10.25 —-9.96 -10.90 -2.68 -—3.15 513 —-26.12 —2.05+0.57 2.15+0.02 —4.80+0.05
3 —4.19 —3.90 —4.84 0.49 0.02 8.35 —31.37 1.03£0.57 2.19+0.03 —-1.77+0.08
4 —5.48 —5.19 —5.70 0.22 -0.25 8.09 —30.93 0.77+£0.58 2.22+-0.03 —2.06+0.07

furan 2 3.42 3.74 2.76 5.60 5.22 13.13 —39.66 6.3+ 0.57 2.18+0.02 3.61+ 0.04
3 3.18 3.47 2.54 4.85 440 12.62 —38.73 551+ 0.57 2.17+0.02 2.73+ 0.05

thiophene 2 1.37 1.71 0.68 3.82 3.44  11.49-36.79 4514+0.57 2.16+0.02 1.76+ 0.05
3 —1.50 —1.19 —2.16 2.17 1.72 10.03 —34.20 2.72+057 2.17+0.03 —0.05+0.07

pyrrole 2 2.87 3.33 2.08 3.64 3.09 11.50 —36.90 4.09+0.55 2.03+0.03 1.50+ 0.09
3 241 2.73 1.75 3.66 3.19 11.49 —-36.78 425+ 0.57 2.15+0.02 1.51+ 0.06
NP —22.10 -—21.86 —22.32

(b) OH Addition
benzene 1 -13.15 -1415 -526 —0.73 -151 6.73 —29.65 —0.30£0.45 1.3740.03 —2.05+0.08

pyridine 2 —15.79 —16.74 —6.95 1.68 0.91 10.22 —-35.52 2114+ 0.46 1.39£0.03 0.344+ 0.07
3 —13.11 —14.07 —-425 -032 -1.10 8.18 —32.10 0.13:0.46  1.39+0.03 —1.65+0.07
4 —-11.10 -—-12.11 —2.12 1.55 0.78 10.04 —-35.21 198+ 046 1.41+0.03 0.18+ 0.07
furan z —30.99 —-32.09 -—-21.93
3 —13.40 —14.28 —4.57 —1.80 -—2.66 6.78 —29.72 —150+045 1.34:0.038 —3.21+0.09

thiophene 2 —27.05 —28.07 -—18.06 —3.98 —4.69 433 —25.69 —3.40+045 1.35+0.03 —5.13+0.08
3 —14.64 —15.54 —-579 —-180 -—-2.60 6.71 —29.63 —1.40+045 1.34+0.03 -—3.114+0.09

pyrrole z —24.18 —25.28 —15.13

—-11.73 —12.60 —2.88 —291 -—3.79 570 —27.90 —2.64+044 1.32+0.04 —4.33+0.10

aB3LYP/6-31H-G(d,p)//B3LYP/6-31G(d) reaction (rxn) and transition staleefnergies are reported relative to reactants, in-kual L. E
energies include scaled ZPEHn, AGun, and Inkimwarg @re given at 298.15 KE, values are obtained from a fit of kavs 1/T (see eq 12) where
T = 298-2000 K. m andEy are obtained from fits of Ik{T™) vs 1T (see eq 13) wher@& = 298-2000 K.P The transition structure was not
located for these reactionsBarrierless reactiorf Transition state and product do not exist for this reaction.

addition channel (i.e., a barrierless process) for the addition of Reactions of Hydroxyl Radical with BenzeneThe B3LYP
O to furan and pyrrole at the ortho position. method was used to study the reaction of benzene with OH
The relatively highAG* for the H-atom abstraction channel radicals for the addition channel to form the hydroxycyclo-
leads to rate constants that aré-200'° times slower than for ~ hexadienyl radical §4¢OHe and the H-atom abstraction channel
the addition channel at 298 K. The Arrhenius plots for the to form CHse + H,O. The thermodynamic results are quite
H-atom abstraction by O atom from all of the aromatic rings different for the reaction of benzene with OH than for the
studied exhibit some curvature and are, therefore, betterpreviously presented reactions with H and O atoms. At room
described by a plot of eq 13. Analogous to the reactions of thesetemperature, addition of OH radicaAG* = 6.7 kcal mot?)
aromatic hydrocarbons with H atoms, the activation barriers has a lower barrier than abstraction of a ring hydrogen atom
(Eok) for the H-atom abstraction channel are modest4(5 (AG* = 7.2 keal mot?). However, due solely to the inclusion
kcal mol1) for the six-membered rings, but are considerably of the Wigner tunneling correction factor, the B3LYP-TST
higher & 10 kcal mof! in most cases) for the five-membered method calculates kinetic rate constants that show a preference
rings. for abstraction of a ring hydrogen atom over addition of OH
For the reaction of O atom with a heteroatomic aromatic ring, radical to benzene (Table 5). In either case,_the B3LYP method
there is one experiment to which the B3LYP calculations can c@lculates a rate constant at 298 K that is slower than that
be compared. Lee and Tafigdetermined the absolute rate determined by experimefit 477
constant for the reaction of atomic oxygen with thiophene by  Arrhenius plots for the calculated rate constants derived from
measuring the depletion of O atom. At low temperatures, they the B3LYP energies for both the OH addition and H-atom
observed a negative activation energy-&.6 kcal mot. Due abstraction channels are markedly nonlinear (Figure 3) over the
to the nature of the experiment, they were not able to determineentire temperature range studied, 22000 K. Therefore, it is
if the reaction proceeded by addition or abstraction or which not practical to compare the B3LYP Arrhenius activation
site was the reacting center. The B3LYP calculations (Table 4) barriers calculated over this temperature range with those from
suggest that only the addition channel will be accessible. experiment. However, a fit to the linear plot of ki{™) vs 1/T
However, to make the best comparison with experiment, the for the OH addition pathway to benzene yieldsEy that is
sum of the calculated reaction rates for each channel at eacHower (0.14 kcal moi?) than that for the corresponding H-atom
unigue site in thiophene was used. A fit of the subsequent In abstraction channel. This is further evidence that the B3LYP-

krotal VS 1IT plot gave an Arrhenius energy ef3.6 kcal mot?, TST method is useful for identification of the most probable
which is in reasonably good agreement with the experiment reaction channel.
(—2.6 kcal mot?). Ravishankara and co-worké#$have studied the reaction of

The addition channel dominates the reaction mechanism of hydroxyl radicals with benzene over an extended temperature
the O atom reactions with the five-membered rings even at the range, 256-1000 K, by monitoring the extent of OH reaction.
highest temperatures studied (Table 4). It is apparent that theAlthough the temperature-dependent mechanism was found to
abstraction pathway is preferred over the addition pathway at be complicated, three major reaction channels that dominate
lower temperatures for six-membered rings as compared to five-the kinetics in distinct temperature regions have been identified
membered rings. by these authors and others. AKT298 K, the dominant channel
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TABLE 6: A Comparison of Kaga/Kapstract @S @ Function of
Temperature for the Reaction of Aromatic Hydrocarbons
with OH radical 2P

298 K 500K 1000K 1500K 2000K
2831 benzene 0.45 027 014 010 0076
pyridine 2 0.00008 0.0019 0.014 0.025 0.031
L 0 3 048 035 021 015 013
£ H-Atom Abstraction 4 0.014 0.042 0.074 0.077 0.074
-29.5 furan 3 8201 94 2.6 0.69 0.34
thiophene 2 6.6« 100 402 7.1 16 0.73
200 4 3 97 7.8 094 040 025
OH Addition pyrrole 3 7200 89 2.6 0.71 0.35

-30.5

-31.0 T T T T
0.000 0.001 0.002 0.003 0.004

17

Figure 3. Arrhenius plot for the B3LYP-TST rate constants for the
CsHs + OH reaction through the temperature range of-28000 K.
The OH addition channel is a low-temperature pathway shown with
open hexagons. The-+Hatom abstraction channel is a high-temperature
pathway shown with filled hexagons.

2 Kadd Kabstraciratios were not calculated for furan and pyrrole at the 2
position due to the lack of a transition state barrier for either the OH
addition or H-atom abstraction channeRate constants were calculated
using eq 9 based on the B3LYP/6-31G(d,p)//B3LYP/6-31G(d) level
of theory.

TABLE 7: Free Energies? (298 K) for the Transition
Structures and Products of the Addition Reactions Ar+ X
— ArX (X = H, O (3P), OH) at the B3LYP/6-31H-G(d,p)//
B3LYP/6-31G(d) Level of Theory

was the addition of OH to benzene to form the thermalized ) H atom O tP) atom OH radical
adduct GHgOHe. Arrhenius fits to the low-temperature experi- site TS product TS product TS product
ments gave an activation barrier for the addition reaction of thiophene 2 76 —295 3.0 -209 40 -184
0.9t and 0.32 kcal molL. If calculated rate constants are fit 3 9.0 -185 57 -88 64 61
over the experimental temperature range at which OH addition S b _ 2.6 b _ 28 b _ 4.0
. pyrrole 2 6.3 21.6 c 194 ¢ 155
was observed, the B3LYP-TSE:-a is —1.2 kcal mot1. 3 89 -—-12.7 4.3 —-6.3 5.4 -3.2
Experimentally, decomposition of the;idsOHe adduct back N 237 21.4 37.0 371 d d

to reactants was observed at temperatures between 300 and 500
K. There is good agreement between experinféfts that this
decomposition reaction occurs with an activation barrier ©®
kcal molL. The B3LYP-TSTE;, for this reaction is 13.3 kcal

mol~! for the same temperature range. It has been observed Reactions at S and N HeteroatomsAddition of O and OH
that at T= 500 K, the dominant reaction pathway becomes to the S and N heteroatoms in thiophene and pyrrole has been
H-atom abstraction. Although thel’e iS some, albe|t Sma”, postulated as a mechan|sm by Wh|Ch th|0phene and pyrro'e
discrepancy in the experimental rate constants for the H-atomyndergo decomposition that is different from furan. This
abstraction channel, there is a consensus that the aCtiVatiorbxplanation was used to rationalize the different kinetic mea-
barrier for the formation of gHse + H,0 is ~4 kcal mol1,41:42:44 surements for these compourf§s#8515255 |n general, the
The E, determined by a fit of the B3LYP-TST rate constants gyajlable experimental kinetic data do not distinguish between
for the temperature range 560500 K is 1.7 kcal mot*. addition and abstraction pathways. Furthermore, the experiments
Reactions of Hydroxyl Radical with Heteroatomic Aro- have usually not discerned the mechanism for addition, i.e., to

matic Hydrocarbons. A summary of the B3LYP calculated \yhich unique carbon the radical is being added or whether the
thermodynamic and kinetic parameters for the reaction of the 5 4ical adds directly to the heteroat@mf. 485255

monocyclic aromatic rings with hydroxyl radical is presented
in Table 5. The transition state and reaction free energies for
the addition of OH to pyridine are quite similar to those for
addition of H and O atoms to each unique carbon site. It is
noteworthy, however, that unlike the earlier H and O atom
reactions, the reaction of hydroxyl radicals with pyridine for
the H-atom abstraction channel is exoergic at 298 K. Al

for the abstraction channel is also lower than for the analogous
reactions with H and O atom. Furthermore, the free energy

barrier for the transition state for H-atom abstraction from the o A i X .
ortho and para positions of pyridine is lower than the corre- addition of OH radical directly to the nitrogen atom in pyrrole.

sponding barrier for OH addition. Similarly, it is not thermodynamically favorable for the

In contrast, the dominant mechanism for reaction of OH reaction of thiophene with any of the small radicals studied to
radicals with the five-membered rings (furan, thiophene, and proceed via addition to the sulfur atom. Radical addition at the
pyrrole) remains addition at room temperature (Table 6). In ring carbon atoms in thiophene is an exoergic process, yet
general, the activation barrier for addition of H, O, or OH to addition to sulfur is an endoergic step. Furthermore, the H, O,
the five-membered aromatic rings-2 kcal mol lower than and OH addition products to sulfur might better be described
addition to the six-membered aromatic rings. A comparison of as the formation of a complex rather than a covalent bond. The
the kagdKabstractratio (Table 6) throughout the temperature range bond distances between-X are 3.5, 2.5, and 2.5 A for %
298-2000 K indicates that H-atom abstraction from thiophene H, O, and OH, respectively. The B3LYP calculations presented
and pyrrole is only likely at elevated temperatur&s> 1000 here apparently rule out a pathway for addition to the heteroa-
K). toms.

aEnergies are relative to reactants in koabl™.  Transition
structures were not obtained for this reacti®Barrierless reaction.
d Transition state and product do not exist for this reaction.

It is evident from the calculations presented in Table 7 that
addition to the heteroatoms in pyrrole and thiophene is not a
thermodynamically preferred pathway as compared to addition
to ring carbon atoms. For example, addition of ¥®)(to the
nitrogen atom in pyrrole is an endoergic step and-40 kcal
mol~! less favorable than addition to the ortho carbon atom.
Furthermore, the activation barrier for addition to the heteroatom

is also at least 30 kcal mol higher than that for the carbon
atoms in pyrrole. Also, a minimum could not be found for the



148 J. Phys. Chem. A, Vol. 105, No. 1, 2001

Barckholtz et al.

o a6t
10 1 Q ¢ .
* S *
9 : *®
= S 8] 6-Membered Rings ®2  5.Membered Rings
£ g - .
[+] ‘© 4
g g7 a a Ny
S G 6 © ®
a A
5 4
¢ HAtom N o
4 O O Atom
A OH Radical
4 . T . . T T . o
106 108 110 112 114 116 118 8- 106 108 110 12 112 118 118
C-H BDE (kcal/mol) C-H BDE (kcal/mol)
15 o
AGrxn A o AGryp
A
-5 O a A
A A ©o
= o o o
° = -10 :
E g 6-Membered Rings + 5-Membered Rings *
® = .
§ § -15 . 4
= *
e 5 e * A o
<1 -20 o
L 7N
.25 {| @ HAtom
O 0 Atom o
. ‘ ‘ : . . . A OH Radical . L 4
106 108 110 112 14 116 118 -30 -

106 108 110 112 114 116 118
C-H BDE (kcal/mol)

C-H BDE (kcal/mol)

Figure 4. Correlation for the transition state (top) and reaction (bottom)

free energies for H-atom abstraction from several aromatic hydrocarbonsFigure 5. Correlation for the transition state (top) and reaction (bottom)
as a function of &H BDE. The C-H BDEs are taken from ref 5. free energies for radical addition to several aromatic hydrocarbons as

a function of C-H BDE. The C-H BDEs are taken from ref 5.

Discussion A for pyridine, benzene, and furan, respectively) is also

Relative Reactivity of Aromatic Hydrocarbons with H, consistent with the free energies for the abstraction reactions.

0, and OH. Reaction with hydroxyl radical is the most exoergic ~ In general, the thermodynamically preferred site for addition
reaction for all of the monocyclic aromatic rings, and the OH IS the site from which abstraction of a hydrogen atom requires
reaction also has the lowest barrier height. In general, Ham- the most energy, i.e., the site of the strongestHCbond.
mond’s postulate is not obeyed for the reactions of aromatic Nevertheless, the transition state free energies for radical
hydrocarbons with hydrogen and oxygen atoms because the@ddition to th(_a aromatic rings do not gorrelate well with the
formation of OH radical via H-atom abstraction by &Y is C—H BDEs (Figure 5). The overall reaction free energy (bottom
the least favorable process, although the activation barrier for {race, Figure 5) for the addition of H, O, and OH to the six-
abstraction by H-atom is most often the highest. This effect Mémbered rings does appear to be relatively well correlated,
was noted earlier for the study of H and O reactions with Whereas addition to the five-membered rings is not well

methane by Schlegel and co-workétsThe temperature at corrlelated at ?"H bonds lead | radical that i
which the abstraction channel becomes kinetically and thermo-  Cléavage of the €H bonds leads to & aryl radical that is

dynamically preferred over the addition channel for the mono- Izrgelé/dqnaffecfted bé/_th]& sysrt]em of the_ molecule. I_—Iov_\]igver,l
cyclic aromatic rings increases in the order @HD (3P) < H. the addition of a radical to the aromatic system significantly

i . . . disrupts ther system and createsmaryl radical. As shown in
Addition vs Abstraction for Monocyclic Aromatic Hy- P Y y

d b | the barri b ion f Figure 6, there is a significant difference in resonance stabiliza-
Irocarbons. In general, the barrier to H-atom abstraction from o of ther radicals between the six- and five-membered rings.
five-membered rings is higher than that for six-membered rings. a¢ g positions for addition to the ring, the six-membered ring
One source of this difference is that the- 8 BDEs of the five- - 1pjicals have three resonance structures that make significant
membered rings are greater than those in the six-membere

' ontributions to the overall electronic structure of theadical.
rings> A more general statement can be made that both the 15 the electronic structure of theradical does not suggest
transition state and reaction free energies for the H-atom hat one position will be more stable than another position for
abstraction reactions from each unique carbon site are directlyie six-membered rings. This is supported by the energetic
proportional to the relative €H bond strengths, as illustrated  agults shown in Tables 1, 3, and 5.
in Figure 4. The AG* dependence on the -G BDE is However, there is a clear difference in positions for addition
significantly sharper for O%) than for H and OH. to the five-membered rings. Because addition at the ortho
Furthermore, Hammond’s postulate is obeyed and the barrierposition to the heteroatom leads tomradical with two
heights for H-atom abstraction by the same abstracting agentresonance structures and addition to the meta position leads to
follows the order of the €H BDEs. The progress along the au radical with only one important resonance structure, addition
reaction coordinate (as determined by the breakirgi®ond to the ortho position will be significantly more favored, as is
length in the transition state structure: 1.412, 1.484, and 1.591seen in Tables 1, 3, and 5. Because the energetics of the addition
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v By N to the ring is well-correlated with the-€H BDE, i.e., the more

N N N
N T N T | e stable the nascent aryl radical, the lower the crossover temper-
xS N = ature will be. The crossover temperatures for OH radical
N N
~ | N

l
i

reactions are lower than for H and O atom reactions. For
: : example, for the gHg + OH reaction, the free energy barrier

S 7 7 T for the abstraction channel becomes lower than the barrier for

H H H the addition channel at a lower temperatur€45 K) than for
N N N the analogous reactions with hydrogen and oxygen atoms. These
results are in good qualitative agreement with the temperature-
dependent experimental studies of the reaction of OH with
H Y H % H Y benzené'l,42,44

Comparison of B3LYP Thermochemical Calculations with

N X Experiment for Aromatic Hydrocarbon Reactions. DFT
@/w @’m methods, including the B3LYP method, have been invaluable
\

ﬁ

|
'
!

at providing computational insight into problems in which the
size of the system makes more expensive calculations prohibi-
tive. For example, the B3LYP method can be used to quite
accurately predict the-€H bond dissociation enthalpies (BDE)

of the aromatic hydrocarbons relevant to combustion chenfistry.

Figure 6. Resonance structures for radical addition to each unique  There are no experimental data for the total energies for the
site in heteroatomic five- and six-membered aromatic rings. initial reaction of benzene with H, GR), and OH. However,
the reaction enthalpy for the abstraction reactions can be

TABLE 8: Absolute Temperatures (K) at Which the estimated from the relevant BDEs (Table 9). The enlarged basis

Abstraction Barrier Becomes Lower than the Addition

Barrier (T T.S.) and the Abstraction Channe' Becomes set (6'31ll_G(d,p)) Used Wlth the B3LYP method in '[hIS paper
Thermodynamically Favored over the Addition Channel is a prerequisite for obtaining reliable energies. Yet, the error
(Trxn)? in the calculation of the HOH BDE by the B3LYP method is

H atom O tP) atom OH radical still ~4 kcal mol L. Although the CBS-QB3 methé&tiis a more

accurate method to calculate the H& BDE, this composite
method slightly overestimates the nonpolarH BDE. It is
benzene 1 1155 1004 1065 528 245 259  gyigent from Table 9 that the CBS-QB3 method has the lowest

site TTS Texn TTS Trxn TTS Trxn

pyridine § 21;3138 13?;’ 1125 7%%36 E %gi absolute error in the calculation of the four BDEs relevant to
4 3910 963 265 841 b 173 these calculations. In general, however, the CBS-QB3 method

furan 2 4190 1639 c 1673 c 987 is far more expensive and therefore less desirable for application
3 3090 1230 2150 1111 1325 496  tothe survey of aromatic systems presented in this paper. Table

thiophene 32 396%5 112%215 1%-75,360 1%227 géo 4%1 9 also includes the same BDE calculated using the hybrid HF-
5> 3350 1343 DFT method MPW1K. This method was recently developed to
c 1407 c 759 . . - - .

2085 1093 ¢ 1115 1335 422 reduce the error in reaction barrier heights over other widely

used computational methods. However, the MPW1K method
o TRt . calculates BDEs that are both lower than the experimental BDEs

straction is kinetically preferred over addition at all temperatures.

¢ Comparison could not be made because reaction was either barrierles@nd do not agree as well as the BDEs calculated by the B3LYP/

or the transition state could not be located. 6-311+G(d,p)//B3LYP/6-31G(d) method for the small subset

of BDEs considered here.

to the five-membered rings are dominated by the electronic A comparison of the reaction enthalpies for the H-atom
structure of ther system, no correlation between the energies abstraction from benzene by H, &P, and OH can be seen in
of the adducts and the-€H BDEs for generating aryl radicals Table 10. The discrepancies between the experimental values
is expected or observed. and the B3LYP/6-311G(d,p)//B3LYP/6-31G(d) calculated
Temperature Effects on Reaction Pathwayln general, the reaction enthalpy for the H and O atom processes can be almost
room-temperature barrier height for the addition channel is lower wholly attributed to the difference between the calculated and
than that for the abstraction channel (Tables 1, 3, and 5). Severaexperimental G-H bond for benzene, an issue that has been
experiments have shown that the H-atom abstraction channelpreviously noted:® The H-H and O-H BDEs calculated at
becomes the dominant pathway for benzene at high temperathe B3LYP/6-31#G(d,p)//B3LYP/6-31G(d) level of theory are
tures28:37.4142.449n(d these results have been supported by the in very good agreement with the experimental values. However,
B3LYP calculations. Because fewer experiments have beenreaction energies for OH abstraction reactions also differ from
performed throughout an extended temperature range for theexperiment because of the persistent underestimation of the
heteroatomic rings, it is also of interest to apply the same calculated HO-H BDE.
B3LYP-TST method to calculate the crossover temperature at  Validity of the B3LYP-TST Method for Calculation of
which the H-atom abstraction channel will be preferred over Kinetic Parameters of Aromatic Hydrocarbon Reactions.
the addition channel. A complete summary of the temperaturesThe kinetic parameters presented in Tables 1, 3, and 5 were
at which H-atom abstraction becomes kinetically (based on the fits to plots fromT = 298-2000 K, a temperature range over
crossover temperature for the Arrhenius plots) and thermody- which many of the Arrhenius plots are nonlinear. However,
namically (based on reaction free energy calculations) preferredmany of the experimental reactions of benzene with H, O, and
over radical addition to the aromatic ring is given in Table 8. OH have been studied over smaller temperature ranges.
In general, the crossover temperature at which H-atom Therefore, to calculate, values that can be compared directly
abstraction becomes preferred over radical addition of the radicalto experimental kinetic parameters, the Arrhenius parameters

pyrrole

2 B3LYP/6-31H-G(d,p)//B3LYP/6-31G(d) level of theory.Ab-
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TABLE 9: Bond Dissociation Enthalpies (at 298 K, in kcal mol?)

B3LYP B3LYP/6-311G(d,p) MPW1K
AHae5(R—H) expt 16-31G(d) /IB3LYP/6-31G(d) CBS-QB3 16-31+G(d,p)
CeHs—H 113.5 110.8 110.6 115.4 110.0
H—H 104.2 104.4 104.6 105.3 100.7
O-H 102.2 97.9 102.7 102.7 97.5
HO—H 119 109.5 114.9 119.2 111.8

aDavico, G. E.; Bierbaum, V. M.; DePuy, C. H.; Ellison, G. B.; Squires, RJIRAmM. Chem. Sod.995 117, 2590-2599.° CRC Handbook of
Chemistry and Physic$9th ed.; Weast, R. C.; Astle, M. J.; Beyer, W. H., Eds.; CRC Press: Boca Raton, FA; 1983.

TABLE 10: Reaction Enthalpies for H-Atom Abstraction Reactions (at 298 K, in kcal mol™)

B3LYP/6-31H-G(d,p)// MPW1K/
reaction expt B3LYP/6-31G(d) 6-31+G(d,p)
CeHg + H — CeHs + H +9.3 + 6.0 +9.3
CeHs + O — C¢Hs + OH +11.3 +7.9 +125
C5H6+OH _’C6H5+ Hzo —55 —4.3 —-1.8

@ Reaction enthalpies were computed from experimental data in Table 9 by the exprédsiesn(CsHs—H) — AHzgs (X—H)] where X= (H,
O, or HO).

TABLE 11: Calculated B3LYP-TST and MPW1K-TST Arrhenius Activation Energies, E,, (in kcal mol~1) for Benzene
Reactiong

reaction T (K) expt B3LYP-TST MPW1K-TST
CeHs + H — CgH7 300-400 3.384.34 2.90+ 0.01 3.8+£0.01
CgHs + Hy— CgHg + H 550-1025 9.72 453+ 0.09 5.53+ 0.08
CsHe + O — CsHsO 700-1300 4.033364,8315.0°2 0.65+ 0.10 6.0+ 0.10
CsHg + OH — CsHsOH 250-300 0.9% 0.52 —1.20+0.01 2.36+ 0.01
CsHeOH — CgHs + OH 300-500 191.43.76 13.29+ 0.04 20.22+ 0.04
CgHg + OH — CgHs + H,0 500-1500 4.0142:44 1.7+0.4 7.0£04

aUsing rate constants derived from the B3LYP/6-3T(d,p)//B3LYP/6-31G(d) and MPW1K/6-31G(d,p) energies that are used with eq 12
for the temperature range indicated.

were recalculated by a fit over the experimental temperature The pyridine-O adduct formed by the addition of O atom to

range for which either radical addition or H-atom abstraction pyridine at the meta position is likely to undergo H-atom

was observed. A summary of the B3LYP-TST, the MPW1K- rearrangement followed by CO lo&%tesulting in pyrrolenine,

TST, and the available experimentals for reactions with a rearranged form of pyrrole. The subsequent decomposition

benzene are reported in Table 11. of pyrroleniné® has been shown to yield CO, HCN, and propyne
It can be seen that the B3LYP-TST method consistently (HCCCHs). The B3LYP calculations show that the H-atom

underestimates the, by ~4 kcal molL. The discrepancy isas  abstraction channel will be preferred at all temperature for

great as~6 kcal mol?l for the decomposition reaction reaction at the 2 and 4 positions and will be competitivé at

CgHgOH — CgHg + OH, but as low as-1.5 kcal mot™ for the 1000 K at the 3 position. Due to the thermodynamic preference

addition reaction €Hs + H — CgH7. Although the B3LYP- for H-atom abstraction, the final products of the decomposition

TST method does not appear to be suitable for the calculation Of the pyridyl radical will be GHz, NCCCH, HCN, HCCCCH,

of absolute rate constants, it can be used to calc@atvathin and OH.

a few kcal mot?l. Furthermore, a comparison of the ratio of )

rate constant&adkapsraccan reduce the errors that result from ~ ¢onclusions

the B3LYP method by canceling errors inherent to the B3LYP  The initial reactions of H, O3p), and OH with monocyclic

geometries and energies. As a result, the B3LYP-TST method gromatic hydrocarbons have been studied using the B3LYP
is useful for the purpose of deciding whether a reaction channelmethod and transition state theory. The calculated free energies
is significant (such as radical addition vs H-atom abstraction) and reaction rate constants suggest that the radical addition
at a particular temperature for the reaction of aromatic hydro- channel is preferred at 298 K, but the H-atom abstraction
carbons with H, O, and OH. Furthermore, the B3LYP calculated channel becomes dominant at high temperatures. The specific
crossover temperature at which H-atom abstraction becomescrossover temperature is very dependent upon the reacting
preferred over radical addition is in good agreement with radical and the aromatic ring. The thermodynamic preference
experiment for all the cases studied here. for reactivity with aromatic hydrocarbons increases in the order
Implications for Combustion Chemistry. Although only the O(FP) < H < OH.

initial reactions of H, O, and OH with aromatic hydrocarbons  Abstraction from six-membered aromatic rings is more facile
have been explored in this work, the results of this study have than abstraction from five-membered aromatic rings. In general,
significant implications for the final products of aromatic the barrier height and the site preference for abstraction from
hydrocarbon combustion. The reaction of pyridine with O atom sites within the aromatic hydrocarbon are correlated with the
will be used to illustrate this statement. H-atom abstraction corresponding €H BDE, but there is no analogous correlation
reactions will occur at either the ortho or para positions of for the radical addition energies. However, radical addition to
pyridine to yield a pyridyl radical. Thermal decomposition of five-membered rings is kinetically preferred and thermodynami-
these pyridyl radicals has been shown to lead to products of cally more exoergic than radical addition to six-membered rings.
either acetylene (§,), cyanoacetylene (NCCCH), and OH or The subsequent reaction pathways available following the
hydrogen cyanide (HCN), diacetylene (HCCCCH), and ®H. initial addition of H, O, and OH to aromatic hydrocarbons of
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(22) Park, J.; Dyakov, I. V.; Lin, M. CJ. Phys. Chem. A997 101,
8839-8843.
(23) Sauer, M. C., Jr.; Ward, B. Phys. Cheml967, 71, 3971-3983.

relevance to low-temperature atmospheric chemistry are the
subject of a study that will be reported in a separate p#per.
The oxidative decomposition of the aromatic radicals formed  (24) sauer, M. C., Jr.; Mani, 0. Phys. Chem1970 74, 59-63.

by the H-atom abstraction channel of relevance to high-  (25) Yang, K.J. Am. Chem. Sod.962 84, 3795.

temperature combustion chemistry has been the focus of several (26) Knutti, R.; Buhler, R. EChem. Phys1975 7, 229-243.
recent papel’é‘?’”'sz's“ (27) Kim, P.; Lee, J. H.; Bonanno, R. J.; Timmons, RJBChem. Phys.

: . 1973 59, 4593-4601.
During the review process, we became aware of a new hybrid (28) Nicovich, J. M.; Ravishankara, A. R. Phys. Chem1984 88,
HF-DFT method, the MPWI1K formalism, which has been 2534-2541. _ _
shown to improve the calculation of barrier heights for reactions . (29) Sibener, S. J.; Buss, R. J.; Casavecchia, P.; Hirooka, T.; Lee, Y. T.

; . J. Chem. Phys198Q 72, 4341-4349.
involving smaller systems by a factor of 3 over the BLYP ™ (30 Bona¥mo, g_ A Kim. P.: Lee, J. H.: Timmons, R. B.Chem.

method. To test if this technique would provide better agreement Phys.1972 57, 1377-1380.

with experiment than the B3LYP method for the reactions
studied in this paper, we employed the MPW1K/6+&(d,p)

(31) Nicovich, J. M.; Gump, C. A.; Ravishankara, A.RPhys. Chem.
1982 86, 1684-1690.
(32) Ko, T.; Adusei, G. Y.; Fontijn, AJ. Phys. Chenil991, 95, 8745—

method to calculate the barriers for the radical addition and g74s.
H-atom abstraction reactions of benzene. These results have been (33) Atkinson, R.; Pitts, J. N., Jd. Phys. Chem1975 79, 295-297.

included in Tables 911. Our preliminary results indicate that
the MPW1K-TST method yieldg, values that are-4.5 kcal
mol~! higher than the B3LYP-TST calculations and are on

average higher than, but in better agreement with, the experi-

mental barrier height. Further testing of this new method, which
is currently underway in our group, is warranted to see if the
MPW1K method is better suited to study the thermodynamic
and kinetics of the reactions of aromatic hydrocarbons.
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