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Four new reaction pathways for polycyclic aromatic hydrocarbon growth from cyclopentadiene pyrolysis are
proposed and investigated using the B3LYP/6-31G(d,p) level of theory. These pathways allow for the production
of indene, naphthalene, and benzene through intramolecular additid,A=scission, and €C -scission

reaction mechanisms, respectively. Results show that the intramolecular addition channel is favored at low
temperatures, and the-& S-scission channel and the newly identified-C g-scission pathway become
significant when the temperature increases. These results are in qualitative agreement with the experimental
results previously obtained by this research group indicating that the main product at low temperature is

indene, while benzene and naphthalene production dominate at the high-temperature end.

1. Introduction To study the importance of CPDyl moieties in PAH growth,
Mulholland and co-workers have conducted a detailed experi-
mental analysis of CP-PAH grow¥3in a laminar flow reactor.

Sin particular, for the pyrolysis of cyclopentadiene, benzene,
indene, and naphthalene were identified as major prodéicts.

éDne of the species identified (naphthalene) can be formed by
reactions analogous to those in the radigaldical mechanism
proposed by Melius et al.which describes the conversion of

two CPDyl radicals to naphthalene, but other observed products
are instead more likely produced through a previously unknown

the molecular mass growth occurs by way of a two-step processradical—molecule pathyvay. Therefore, it is necessary to carry
involving hydrogen abstraction to activate the aromatic molecule out a thorough analysis of the CPD pyrolysis system.

followed by subsequent acetylene addition. Cyclization to the ~ The importance of radicaimolecule reactions for the growth
next higher order ring occurs when the sequence H abstractionof PAH and high molecular mass compounds has also been
followed by acetylene addition is repeated (HACA mechanism). investigated by Violi and co-workefs 2’ who have proposed
However, the aromatic growth can proceed through different @ sequence of radicamolecule reactions between aromatic
routes, and many other species have been proposed as potentigompounds with sixz-electrons and compounds containing
precursors such as methyl, propargyl, and cyclopentadfetfyl.  conjugated double bonds (e.g., acenaphthylene) to explain the
In particular, the importance of cyclopentadienyl (CPDyl) formation of PAH and higher molecular mass compounds in
moieties in PAH growth has been postulated because theseflames. Through a two-step radieaholecule addition reaction
radicals are neutral and ambidemeactive at different sites.  followed by rearrangement of the carbon framework, this
Fuels containing cyclopentadienyl moieties have also shown mechanism leads to the formation of high molecular mass
high sooting tendenciéIn addition, relative to other aromatics, compounds frequently found in flames. The distinguishing
PAH with peripherally fused five-membered rings (CP-PAH) features of this model lie in the chemical specificity of the routes
demonstrate a greater facility in undergoing certain kinds of considered, where the aromatic radical attacks the double bond
reactions, such as isomerization involving intramolecular rear- of the five-membered ring PAH. This involves specific com-
rangement®1® This is due to the fact that fusion of the pounds that form resonantly stabilized radical intermediates,
cyclopenta ring alters the electronic properties of PAH, as relieving part of the large strain in the five-membered rings by

demonstrated by differences in resonance efeemd measured  formation of linear aggregates.
differences! in ultraviolet-visible (UV) absorption and fluo- In this paper, we apply this radicainolecule model to the
rescence. construction of new reaction pathways for the formation of
. - - benzene, indene, and naphthalene from the pyrolysis of CPD.
um*icchoer:jeusmnd'”g author. Phone: (734) 615-6448. E-mail: avioli@ |n particular, the density functional theory (DFT) is employed

t Present address: Department of Chemistry, University of Utah, Salt O determine the energetics of the system, to assess the viability

Lake City, UT 84112. of the new pathways, and for comparison to the mechanism
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Polycyclic aromatic hydrocarbons (PAH) are important
combustion-generated pollutants, both because of their role a
potential soot precursdrsand because of the inherent biological
activity of particular PAH4 Despite significant progress in
understanding single processes, the comprehensive theory an
models that predict the formation of PAH fall short of predicting
many of the experimental observations.

The seminal work in this area is due to Frenklach and co-
workers>-8 who developed a model for PAH formation in which
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proposed by Melius. We also use these results to make aquantum mechanical tunneling effect were calculated using the
qualitative comparison to experimental déta order to verify Eckart method*

Figure 1. Intramolecular addition pathways R1 and R2 to indene.

that our radicatmolecule approach is appropriate. The thermal rate coefficient is expressed as
2. Computational Details Tof .
) ) - k(T) = K(T)Oki ﬂe—AV IkeT
Geometries and frequencies of the reactants, transition states, h o~

and products in the system CPIZPDyl were calculated by
using the hybrid density functional B3LYP method (i.e., Becke's where « is the transmission coefficient accounting for the

three-parameter nonlocal exchange functiiaith the non-  guantum mechanical tunneling effectsis the reaction sym-
local correlation function of Lee, Yang, and P9, with the metry numberQ* and ®R are the total partition functions (per
6-31G(d,p) basis set. unit volume) of the transition state and reactant, respectively,

Transition-state (TS) geometries are identified by the exist- AV* is the classical barrier height,is the temperature, arig

ence of only one imaginary frequency in the normal mode andh are the Boltzmann and Planck constants, respectively.
coordinate analysis, an evaluation of the TS geometry, and the

reaction coordinate’s vibrational motion. The frequency calcula- 3 pagyits
tions also allow the zero-point energy (ZPE) corrections to be
obtained. In case of transition structures, the movement of atoms The reaction mechanism for the formation of naphthalene
in the imaginary frequency mode can be displayed to see if the combining two CPDyl radicals has been already investigated
atoms are moving in the right direction toward the reactant and by Melius et al.? and results have been reported using the bond
product. IRC (intrinsic reaction coordinate) calculations were additivity-corrected fourth-order perturbation MghePlesset
carried out to guarantee that the transition states found indeed(BAC-MP4) and BAC-MP2 levels of theory. To compare the
connect the reactant and product of the reaction step. All feasibility of different reaction pathways, below we reported
calculations were done by using the Gaussian 03 progtam. results for the Melius mechanism {& bond}-scission) using
Comprehensive studies of neutral and cationic PAH contain- the B3LYP method together with newly identified reaction
ing six-membered rings using the B3LYP/6-31G(d,p) level of pathways.
theory have been shown to be able to predict the vibrational Intramolecular Reactions. Figure 1 shows the reaction
frequencies and the relative intensities with good accutacy. pathways for the addition of CPD to CPDyl to produce indene
Unimolecular reactions of the chemically activated and (pathways R1 and R2). The reaction of CPD with CPDyl begins
stabilized adducts resulting from addition or combination with the addition of the cyclopentadienyl radical to tirddond
reactions are analyzed by first constructing potential energy of CPD to produce a resonantly stabilized CPOPDyl dimer
diagrams for the reaction system. DFT calculations are used to(I1). The intermolecular addition barrier is 11.5 kcal/mol. From
calculate transition-state structures and activation energies forll, a bridged intermediate is produced with the radical either
isomerization,3-scission, and dissociation reactions. The en- on C-1 (A1) or on the bridged atom (B1). The energy barrier
thalpies and entropies are treated with conventional transition- for the formation of Al is 17.85 kcal/mol, much lower than the
state theory to calculate Arrhenius preexponential factors andenergy required to produce B1 that is 32.06 kcal/mol. Intermedi-
energies of activation that result in high-pressure-limit rate ates A2 and B2 with the radicals on C-7a and C-3a, respectively,
constantsKe) as functions of temperature. Nonlinear Arrhenius are then obtained through hydrogen migration reactions. The
effects resulting from changes in the thermochemical properties subsequent bridge-opening step produces bicyclical intermedi-
of the respective transition state relative to those of its adduct ates with the radical on the methyl group (A3 and B3). The
with temperature are incorporated using a two-parameter Ar- energy barriers for the formation of A3 (37.9 kcal/mol) and B3
rhenius preexponential factoA,(n) in AT". Rate constants of  (38.2 kcal/mol) are similar. A3 and B3 undergo further 1,3-H
the first reaction steps of each pathway were calculated from shift to produce A4 (the radical is on C-3a) and B4 (the radical
the transition-state theory (TST), using TheRate code (THEo- is on C-7a). The loss of the methyl group produces indene (P1).
retical RATEsY® at the CSEO online resource (http://www. The energy barriers for A4- P1+ CHz and B4— P14+ CHjs
cseo.net). The transmission coefficients which account for the are 22 and 19.7 kcal/mol, respectively.
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Figure 2. C—H bondj-scission pathways R3 and R4 to naphthalene.
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Figure 3. C—C bondg-scission pathways R5 and R6 to naphthalene and benzene.

As an alternative, A4 can undergo H elimination to form either naphthalene or benzene, while pathway R6 shows the
4-methyl indene (P2), and in a similar way B4 produces reaction sequence for the production of benzene. The motecule
7-methyl indene (P3). radical dimer |1 undergoes f@-scission of the €C bond,

C—H Bond pg-Scission. Figure 2 shows the €H bond opening one of the two five-membered rings, to form intermedi-
B-scission pathways R3 and R4 that lead to the formation of ate E1. The energy barrier required for this step is 41.21 kcal/
naphthalene. Through H elimination, 11 forms 9,10-dihydro- mol. The other five-membered ring expands to a six-membered
fulvalene (C1), which rearranges to form the more stable ring via a three-membered ring closure step to form E2 first
1,10-dihydrofulvalene (D1). The energy barriers for+1C1 and then E3. The barriers for the reactionsEE2 and E2—

+ H and C1— D1 are 48.45 and 24.06 kcal/mol, respectively. E3 are 15.3 and 19.6 kcal/mol, respectively. At this point
The loss 6a H atom from the 10-carbon site of D1 produces intermediate E3 can either undergo anotherCCbondp-scis-

a resonance-stabilized radical D2, and its isomerization by 1,3-Hsion to form benzene and butadienyl, or through further
shift leads to D3, which can also be formed by eliminating a H cyclization it can form two fused six-membered rings (E4). The
atom directly from C1. D3 undergoes three-membered ring initial loss of H from C-1 forms 9,10-dihydronaphthalene.
closure (D4) and subsequent opening to complete the ring Naphthalene (P4) is then produced by H elimination from the
expansion (D5). At the B3LYP/6-31G(d,p) level, the activation two fusing C atoms. Fromis-9,10-dihydronaphthalene, two H
energy for the reaction D3> D4 is 12.4 kcal/mol while the atoms can also be eliminated simultaneously gsad in this
reaction D4— D5 has an energy barrier of 23.2 kcal/mol. This case the computed energy barrier is 75.53 kcal/mol. The energy
process can be repeated, converting a second five-memberedfalues presented in Table 1 and Figure 7 below are for the trans
ring to a six-membered ring. A final-€H bondf-scission yields structures only.

naphthalene aha H atom. Pathway R6, on the other hand, forms benzene through the

C—C Bond g-Scission.Competing with the above-mentioned isomerization of fulvene. The initial €C -scission step from
pathways, new reaction pathways are proposed that involve thell to E1 is the same as in pathway R5. Instead of undergoing
p-scission of a €&C bond. Figure 3 reports the various steps a three-membered ring closure as in pathway R5, E1 rearranges
for pathways R5 and R6. Pathway R5 leads to the formation of itself to form intermediate F1 through H atom shift. The
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TABLE 1: Energy Barrier for Each Step of the Reaction at
the B3LYP/6-31G(d,p) Level

forward reverse
reactiond (kcal/mol) (kcal/mol)
CPD+ CPDyl=11 11.48 20.19
11=A1 17.85 17.86
Al=A2 52.29 36.53
A2 =A3 37.93 41.98
A3=A4 25.27 63.10
A4 =P1+ CHs; 22.00 10.63
A4=P2+H 28.27 4.35
11=B1 32.06 9.83
B1=B2 42.33 57.44
B2=B3 38.19 40.36
B3=B4 29.06 56.70
B4 =P1+ CH3 19.65 12.23
B4=P3+H 24.95 4.79
11=Cl1l+H 48.45 0.58
Ci=D1 24.06 27.32
C1=D3+H 72.8P
11=D1+H 45.13 0.52
D1=D2+H 58.8¢
D2=D3 34.99 17.66
D3=D4 12.38 2.35
D4 = D5 23.22 38.18
D5 = D6 13.10 5.94
D6 = D7 11.74 36.10
D7=P4+H 14.69 9.29
11=E1 41.21 32.40
El=E2 15.25 4.07
E2=E3 19.56 37.75
E3=P5+ C4Hs 24.32 7.23
E3=P6+H 26.65 6.91
E3=E4 28.24 37.75
E4=E5+H 51.48 0.52
ES=D7+H 55.3@
El=F1 30.32 33.03
F1=F2+ CHs 47.71 0.56
F2=F3 42.38 -0.27
F3=F4 27.44 14.47
F4=P5 1.82 91.80
CPDyl+ CH; =G1 —63.06¢
G1=G2+H 73.08
G2=F2+H 54,14

aP1, indene; P2, 4-methyl indene; P3, 7-methyl indene; P4,
naphthalene; P5, benzene; F2, fulvene; C1, 9,10-dihydrofulvalene; D1,
1,10-dihydrofulvalene; E5, 9,10-dihydronaphthalene; P6, phenyl-buta-
diene.” No transition state found, energy difference between reactant
and product.
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Figure 4. Potential energy diagram for pathway R1.

following f-scission of the €C bond produces fulvene (F2)
and butadienyl radical. Fulvene forms isofulvene (F3) with a

five-membered ring and a three-membered ring fused together.

Cyclohexadiene carbene (F4) is formed with an energy barrier
of 27.4 kcal/mol, and it then undergoes hydrogen migration to
produce benzene.

Wang et al.
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Figure 7. Potential energy diagram for pathway R5.

The potential energy surface for the thermal isomerization
of fulvene to benzene was studied by Melius etPalsing the
BAC-MP4 method and Madden et ®l.using the modified
Gaussian-2 (G2M) method. The activation energy was calculated
to be 73.2 and 74.3 kcal/mol, respectively, which s%kcal/
mol and 6-10 kcal/mol higher in energy than that obtained by
Gaynor et af’ in their brief very low-pressure pyrolysis (VLPP)
experiments. Similar results were obtained by Miller and
Klippensteirf® using a combination of QCISD(T) and MP2
methods. Therefore, the more sophisticated methods of calcula-
tion did not find significant differences in the activation energy
for the isomerization reaction. The pathway presented here is
similar to the multistep mechanism introduced by Madden et
al. 38 except that we identified two transition structures in the
reaction step from F3 to F4. One of the two structures
corresponds to the transition state reported by Madden et al.
(labeled as TS2 in ref 36) while the other is 4.4 kcal/mol lower
in energy at the B3LYP/6-31G(d,p) level of theory. By using
the latter transition structure, the highest barrier we obtained is
70.1 kcal/mol. Details regarding this new transition state are
reported in the Supporting Information.
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Figure 8. Potential energy diagram for pathway R6.

Merz and Scoff also investigated this multistep pathway in
their study of the thermal automerization of benzene. The
bicyclic intermediate isofulvene on the pathway from fulvene
to carbene disappeared when the thermodynamic correction
were taken into account, which was also seen in our calculations.

In addition to pathway R6, fulvene can also be formed by
combining CPDyl radical with the methyl radical produced in
pathways R1 and R2, and then eliminating two hydrogen atoms.
This reaction sequence is reported in Figure 3 as route R7.

The potential energy surface diagrams for the reaction
pathways R+R6 are reported in Figures—8. The values
shown in the figures are inclusive of the zero-point energies
= Eelec + ZPE. Table 1 lists the energy barrietSE) for the
forward and reverse reactions of all the steps previously
described. It is worth noticing that not all the reactions listed
in Table 1 have a transition structure. For instance, no transition
state has been found in the @D3 + H, D1= D2 + H, E5
= D7 + H reaction steps and steps in pathway R7. The above-
mentioned reactions have something in common: they are

S
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The major products from CPD pyrolysis were benzene,
indene, and naphthalene. The formation of benzene and indene
supports the existence of radieaholecule pathwayd23 in
addition to radicatradical pathways producing naphthaléne.
The mechanisms reported in Figures-3L show radicat
molecule pathways that can be invoked to explain the experi-
mental evidences. Experimentally, the amount of indene pro-
duced exceeds that of naphthalene and benzene at low
temperatures, and then the concentration profile of indene starts
to decrease at 75T where naphthalene represents the major
product. The computed pathways R1 and R2 have the lowest
energy barriers among the various reaction channels, so it is
reasonable to assume that indene will be the major compound
produced at low temperatures. Between the intramolecular
additions that lead to indene, pathway R1 is apparently more
favorable since the energy barrier is 17.85 kcal/mol from I1 to
Al, compared with the 32.06 kcal/mol required for the transition
from 11 to B1. As the temperature increases, theHCbond
p-scission and the €C bond -scission pathways become

significant. As a result naphthalene and benzene are produced.

In addition to these major products;dEl1p compounds such
as methyl indene, dihydrofulvalene, and dihydronaphthalene
were also observed in the experiment. The existence of these
compounds further confirms the intramolecular additior,HC
bondg-scission, and €C bondgj-scission pathways identified
on the basis of quantum mechanical computations. Experimen-
tally, an unidentified GHjio compound was reported, and its
mass spectrum excluded the possibility of being dihydroful-
valene. As shown in Figure 3 (pathway R5), intermediate E3
can either undergo a-@C bondf-scission to form benzene
and butadienyl, or eliminate a hydrogen atom to produce phenyl-
butadiene (@Hi0) with the energy barrier being 26.65 kcal/
mol for the latter. We suspect that the unknowpHG, com-

essentially reactions between radicals or a radical and a hydrogerPound detected in the experiment might be phenyl-butadiene.
atom. In some cases, the transition structures are very close to Other aromatic products experimentally observed include

either the reactant or the product geometrically and energetically,
indicating that there exists a very shallow well in the potential
energy surface.

The B3LYP method gives good estimations of the reaction
energies, but it underpredicts the energetic barrierstykeal/

toluene, styrene, fluorene, phenanthrene, and anthracene, which
can be formed through reactions with smaller aromatic products.
As soon as benzene is formed it can undergo H abstraction to
produce GHs radicaf? that can react with the CHradical
produced from pathways R1 and R2 to form toluéhé® In

mol, and more accurate methods can be used in the future, suclthe same way, once indene is formed it can react with the CPDy!I

as BH&HLYP/6-31G(d,p}° The BH&HLYP method predicts
rather accurate barrier heights, particularly for hydrogen abstrac-
tion reactions by a radical in comparison with those of more
expensive calculatiorfs.

4. Discussion

An important result obtained in this study is the identification
of additional energetically favored pathways for the formation
of naphthalene and benzene via-C bond -scission. The
barrier from 11 to E1 (R5 and R6) is lower than the one from
11to C1+ Hor D1+ H (R3 and R4), being 41.21 kcal/mol
for the C-C bond f3-scission reactions because of relatively
weak C-C bond compared with 48.45 and 45.13 kcal/mol for
the cleavage of the €H bond in pathways R3 and R4.

The computational results reported above are in qualitative
agreement with the experimental observations on CPD pyroly-
sis?* The PAH products from dicyclopentadiene (DCPD)
pyrolysis at 556-850°C were numerous. Some of the identified
products are formed through reactions similar to the one reported
in the radicat-radical mechanism of Melius et &lfor the
conversion of two CPDyl radicals to naphthalene, but other
observed products are instead more likely produced through
different mechanism&!

radical to produce fluorene, phenanthrene, and anthr&ééne.

All of the pathways described above share the same initial
step that consists of the addition of cyclopentadienyl radical to
thes-bond of cyclopentadiene CPP CPDyl— I1. The second
step differentiates the pathways analyzed. Rate constants for
the second step of pathways RR5 are calculated using the
transition-state theory (TST) and are listed in Table 2 in the
form of Arrhenius parameters. At low temperatures the intramo-
lecular addition pathways R1 and R2 are dominant, which is in
agreement with the experimental results that the yield of indene
is larger than that of naphthalene and benzene at temperatures
lower than 750°C. As the temperature increases, the entropy
contribution becomes significant, and the-C bondf-scission
and C-H bond f-scission rates increase quicker than the
intramolecular addition rate. The temperature-dependent pattern
of rate constants suggests that the@bond and &H bond
[-scission pathways are entropically favorable.

The H elimination steps in the pathways proposed above are
considered to occur through unimolecyfascission reactions,
but in a hydrogen-rich environment bimolecular H abstraction
reactions need to be considered too. For the systems studied in
this paper, it is possible to identify two classes of H elimination
reactions: (a) the unpaired electron left on the carbon is
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TABLE 2: Arrhenius Parameters for the First Two Reaction Steps of Pathways R+R5?2

forward reverse
reactions A n Ea (kcal/mol) A n Ea (kcal/mol)
CPD+ CPDyk= 11 3.55 2.75 9.90 1.5& 102 0.48 20.5
11=A1 10.8x 10% 0.10 17.2 1.74¢ 102 0.44 18.2
11=B1 13.3x 101 0.06 31.4 1.54¢ 1012 0.38 10.0
11=Cl1+H 1.22x 10 1.16 48.7 6.90«< 10¢ 1.44 —0.125
11=D1+H 1.55x 10 1.16 45.5 3.99% 1C¢® 1.43 —0.264
I1=E1 50.3x 10% 0.71 41.5 1.23< 10t 0.39 32.0

aThe units of the rate constarkél) = A(T") exp(—E4/RT) are s for monomolecular reactions and ¢mol~* s™* for bimolecular reactions,
respectively.

delocalized to form a resonantly stabilized free radical, and (b) acetylene addition td-C4H3 or i-C4Hs, Miller and Meliug®

a conjugated double bond with othearelectrons is formed, pointed out that the resonantly stabilized free radicals form very

which significantly stabilizes the system. weak bonds with stable molecules and the addition complexes
For the class a, the first reaction calculated i1E+ H = in such cases do not readily support rearrangement. By

CsHs + Hy with the energy barrier being only 1.18 kcal/mol, comparing the reactivity of resonantly stabilized free radicals

which is much lower than the energy required for H elimination and ordinary free radicals with molecular oxygen, one finds that

being 78.6 kcal/mol. The low barrier is attributed to the fact the propargyH O, rate coefficient at 1500 K is-10714 cnm?

that the hydrogen to be removed was bonded to a saturatedmolecule® s™1, whereas that for vinyh- O, is ~10711 cm?3

carbon atom, in comparison with the barrier being-20 kcal/ molecule s71, more than a 2-order-of-magnitude differerige.
mol*? for the hydrogen abstraction from an unsaturated double- The radicat-radical reactions can occur at much higher rates
bonded carbon in PAH. than the radicatmolecule reactions. In addition, the bond

Similarly, reaction CH H = D3 + H; has a barrier of 0.18, formed in the initial adduct of these reactions is expected to be
and that of G¥+ H = G2+ H, is 0.16 kcal/mol. The transition ~ much stronger than that of the radieaholecule reactions, thus
state has been located for the reactions-BH = D2 + H; providing greater opportunity for rearrangement and cyclization.
and E5 €is-9,10-dihydronaphthalene}y H = D7 + H, with For instance, the initial CPBCPDyl adduct I1 lies only 8.71
the energy 0.25 and 0.39 kcal/mol lower than the reactant afterkcal/mol below the reactants, while the CPB@PDyl adduct
ZPE correction, indicating that loss of H from these species C1 lies 39.46 kcal/mol below the reactants. However, in a
happens fast in a hydrogen-rich environment. Class b includeshydrogen-rich environment I1 can readily undergo H abstraction
the H abstraction from a saturated carbon of a resonantlyto form C1 or D1. Besides, the energy barrier for 11 to
stabilized radical to form more stable conjugated double-bond decompose to CPD and CPDyl is 20.19 kcal/mol, which is likely
structure. Reactions I+ H = C1 (or D1)+ H,, D7+ H =P4 to give I1 lifetime long enough for rearrangement as in the
+ Hy, E4+ H = E5+ Hy, G2+ H = F2+ H, follow in this radica-molecule pathways proposed for the formation of
category, and no transition state has been identified for theseindene and benzene.
reactions at the level of theory employed.

The low-energy barrier identified for the first class of H 5. Conclusions

abstraction reactions and other supporting evidences in the In this paper, new reaction pathways for the formation of
literature, however, give us great confidence that the reactionsbenzene, indene, and naphthalene are investigated for the CPD
in both cases happen rapidly; for example, reacti@hHs + CPDyl system, using the density functional level of theory. The
H = C4H, + H2 (R182, Table ¥ has zero activation energy;  kinetic mechanisms identified for the pyrolysis of CPD include
no transition state was found for abstraction of H from the jntramolecular addition and -€H bond S-scission for the
phenyl and acenaphthylene adduct at the B3LYP/6-31G(d,p) production of indene and naphthalene. New mechanisms that
level?® As mentioned before, the B3LYP/6-31G(d,p) level of jnyolve the G-C bondg-scission reaction are identified for the
theory is inadequate for hydrogen abstraction reactions by production of benzene, fulvene, and naphthalene.
radicals, while BH&HLYP performs much better in this The formation of other aromatic compounds observed in the
regard04! experiments such as toluene, styrene, fluorene, phenanthrene,
Since the H elimination steps are mostly involved in the and anthracene was also explained by subsequent reactions of
pathways leading to naphthalene, in a hydrogen-rich environ- smaller aromatic compounds, for instance, benzene and indene.
ment the formation rate of naphthalene will be greatly improved. Rate constants for the first step of the pathways were calculated
The experiment shows that naphthalene yield is greater thanysing the transition-state theory, which show that at low
indene above 1000 K, while the rate constant calculation for temperatures the y|e|d of indene is the |argest among the three
the branching Step shows that the crossover is at 2000 K. ThISWh||e at h|gh tempera’[ures benzene tends to dominate’ in
discrepancy might be explained by including H abstraction agreement with the experiments. In a hydrogen-rich environ-
reactions. ment, H abstraction reactions by H atoms are considered, and
Another explanation for the discrepancy between experimen- they greatly improve the formation rate of naphthalene.
tal and computed kinetic results on the temperature at which The computational results obtained in this paper provide
the naphthalene yield becomes greater than the indene yield ispformation for further investigation of the importance of the
that the radicatradical pathway of naphthalene formation is  cyclopentadienyl moieties in the growth of PAH, and additional
competitive with the radicaimolecule pathway. The formation  stydies that involve the use of a detailed kinetic mechanism for

of benzene and indene supports the existence of the-CPD the formation of aromatics in a plug flow reactor have been
CPDyl addition pathway, while naphthalene can be formed by ajready planned.

either the CPB-CPDyl addition or the CPDytCPDyl recom-
bination pathway. Arguing that the first aromatic ring is most ~ Acknowledgment. This research is funded by the National
likely formed by reactions of two propargyl radicals rather than Science Foundation, Collaborative Proposal (CTS-0210061).
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