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Formation pathways for high-molecular-mass compound growth are presented, showing why reactions between
aromatic moieties are needed to explain recent experimental findings. These reactions are then analyzed by
using quantum mechanical density functional methods. A sequence of chemical reactions between aromatic
compounds (e.g., phenyl) and compounds containing conjugated double bonds (e.g., acenaphthylene) was
studied in detail. The sequence begins with the H-abstraction from acenaphthylene to produce the correspond-
ing radical, which then furnishes higher aromatics through either a two-step radical–molecule reaction or a
direct radical–radical addition to another aromatic radical. Iteration of this mechanism followed by rearrange-
ment of the carbon framework ultimately leads to high-molecular-mass compounds. This sequence can be
repeated for the formation of high-molecular-mass compounds. The distinguishing features of the proposed
model lie in the chemical specificity of the routes considered. The aromatic radical attacks the double bond of
five-membered-ring polycyclic aromatic hydrocarbons. This involves specific compounds that are exceptional
soot precursors as they form resonantly stabilized radical intermediates, relieving part of the large strain in the
five-membered rings by formation of linear aggregates. © 2001 by The Combustion Institute

INTRODUCTION

Formation of soot and other carbonaceous
material during the incomplete combustion of
hydrocarbons is one of the least resolved prob-
lems; despite essential progress in understand-
ing single processes, the comprehensive theory
and models that predict the formation of these
compounds fall short of predicting many of the
experimental observations.

The seminal work in this area is due to
Frenklach et al. [1–4], who dealt primarily with
C2H2 pyrolysis and combustion. They developed
a model for polycyclic aromatic hydrocarbons
(PAH) and soot formation, in which the PAH
molecular mass growth occurs by way of a
two-step process involving hydrogen abstraction
to activate the aromatic molecule followed by
subsequent acetylene addition. Cyclization to
the next highest order ring occurs when the
sequence, H-abstraction followed by acetylene

addition ortho to ethynyl substituent is repeated
(HACA mechanism). Then, the formation of
primary soot particles occurs by coagulation of
larger structures thus switching from the molec-
ular scale of the order of a few angstroms, to the
particle dimensions of the order of 10 nm.
Surface growth by gas-to-particle addition at
high temperature is considered to contribute a
major part of the final soot concentration [5].

However, the transformation from low-mo-
lecular-weight organic gas phase species to par-
ticulate matter is not well understood because
high-molecular-weight carbonaceous species
formed during this process are difficult to ana-
lyze with certainty by conventional methods.
Recent advances in experimental and modeling
investigations in combustion have shown that a
much larger amount of carbonaceous material,
besides soot and GC-identifiable PAHs, is emit-
ted in form of organic carbon (tar-like material)
than were thought some years ago [6, 7]. A
systematic characterization of the tar-like mate-
rial, employing a large array of chemical and
spectroscopic techniques [6–9], showed that tar
is made up of high-molecular-weight com-
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pounds in which aliphatic and aromatic charac-
ter functionalities coexist. Tar is formed quite
early in the soot pre-inception zone of flames
and with a high formation rate. This organic
material is initially transparent in the visible
range, and shows ultraviolet spectroscopic prop-
erties [10, 11] compatible with two-, three-ring
aromatics.

In order to explain these results one needs to
invoke new reaction mechanisms for the forma-
tion of this material, not taken into account
before. Considering the experimental evidences
described above, D’Anna and Violi [12, 13]
have proposed a new model for the formation of
high-molecular-mass compounds and soot in
slightly sooting flames [14]. Aromatics are rap-
idly formed in the main flame region through
the combination of resonantly stabilized radi-
cals; they grow up to 2-, 3-rings attaining a
concentration level in flames comparable to the
total concentration of soot, PAHs, and high-
molecular-mass aromatics [14, 15]. As a conse-
quence, the formation of high-molecular-mass
aromatics and soot are considered just a rear-
rangement of PAHs. Soot inception then con-
sists of the progressive aromatization of the
initial structures through H-atom abstraction
processes. The abstractions of H-atoms create
additional double bonds and consequently fused
aromatic rings in the cluster of tar-like material,
with the increased extension of aromatic islands
inside the structure [14]

This pathway for the formation of aromatic
structures provides a parallel route to that of
the classical HACA mechanism, and it may be
favored during the early molecular growth pro-
cess. In fact, recent experimental results ob-
tained by D’Alessio et al., [16] assess the rele-
vance of surface growth mechanism in the
formation of soot and high-molecular-mass
structures in premixed flames. The authors con-
cluded that in slightly sooting flame conditions
the processes of soot inception and mass growth
do not involve surface growth by acetylene
addition via the HACA mechanism. Instead,
soot formation occurs through the rearrange-
ment of a large amount of transparent (in the
visible) particulate material that is formed by
fast reactions among small PAH before soot
inception. However, in richer flames, surface
growth by means of gas-phase compounds such

as acetylene becomes the dominant contributor
to soot mass addition.

Therefore, it is important to identify key
pathways for the molecular weight growth in
conditions where the surface growth is not
significant. These specific conditions are partic-
ularly relevant to practical systems. In fact,
although the mass of visible transparent parti-
cles (tar) is lower than that of particles in the
richer region, the number concentration is sig-
nificant.

In this paper a molecular-level analysis for
understanding the products of molecular weight
growth is reported in order to determine the
kinetic feasibility of the new proposed pathway,
which provides a parallel route to that of the
classical HACA mechanism.

MODEL FORMULATION

High-molecular-mass compounds can be
formed in a sequence of chemical reactions that
begins with the formation of radicals by H-
abstraction from aromatic compounds:

Arom–H 1 H 5 Arom* 1 H2 (1)

The resulting radical furnishes higher aromatics
through either a two-step reaction (radical–
molecule reaction):

Arom1* 1 Arom2–H 5 Arom1–Arom2–H (2)

Arom1–Arom2–H 1 H 5 Arom1–Arom2 1 H2

(3)

where Arom1–Arom 2–H represents an inter-
mediate formed through an addition reaction,
or a direct addition to another aromatic radical
(radical–radical reaction):

Arom1* 1 Arom2* 5 Arom1–Arom2 (4)

Iteration of this mechanism followed by rear-
rangement of the carbon framework ultimately
leads to the formation of high-molecular-mass
compounds.

The notion of the aromatic 1 aromatic path-
way and their importance for PAH growth, is
not new in the literature, i.e., Badger et al., [17],
Graham et al., [18], Frenklach and co-workers
[2, 3, 19, 20], Mauss et al., [21], and Bohm et al.,
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[22], but the distinguishing features of the
model here presented, lie in the chemical spec-
ificity of the routes proposed.

The reactions above described are analyzed
in detail: two classes of compounds were con-
sidered: aromatics with 6 p-electron, i.e., ben-
zene, naphthalene, and aromatics with conju-
gated double bonds, i.e., acenaphthylene,
indene. The reactants chosen are: a) benzene
(C6H6) belonging to the first class of aromatics
(Arom1–H); and b) acenaphthylene (C12H8)
belonging to the second group (Arom2–H).

The reasons for choosing these classes of com-
pounds follow. Different studies have shown
that polycyclic aromatic hydrocarbons with pe-
ripherally fused five-membered rings (CP-
PAH), which include acenaphthylene, play key
roles in the flame formation chemistry of soot
[23, 24] and fullerenes [25]. The first proposal of
the importance of acenaphthylene comes from a
computational study by Frenklach et al. [1, 26]
and theoretical analyses reported later [27, 28]
extend further a possible role of peripherally
fused five-membered rings.

Relative to other PAH, CP-PAHs demon-
strate a greater facility in undergoing certain
kinds of reactions, such as isomerization involv-
ing intramolecular rearrangement [29, 30],
which is due to the fact that fusion of cyclopenta
ring alters the electronic properties of PAH, as
demonstrated by differences in resonance en-
ergy [31] and measured differences [32] in ul-
traviolet-visible absorption, fluorescence. CP-
PAHs have been widely found in combustion
systems, (e.g., ultraviolet, Lafleur et al., [33]).
They have been observed as pyrolysis products
of anthracene [34, 35], pyrene [36], and benzene
[37], and as combustion products of benzene
[38], ethylene [25], and ethylene-naphthalene
[39] mixtures. Wornat et al. [40] pyrolyzed
brown coal and through the analysis of the
product tar, they identified different CP-PAH.

In a following work [41] the same group ana-
lyzed the condensed phase products from the
fuel rich combustion of bituminous coal primary
tar. Out of 10 and 8 CP-PAH, respectively,
identified in the two works, acenaphthylene was
found to be the most abundant under all the
conditions investigated (26.5 mass percent of
1000°C tar sample). It has also been demon-
strate that starting from acenaphthylene, the
concentration of PAH decreases on the average
by one order of magnitude with an increase in
mass of 60 to 80 amu, rather independent of
their absolute concentrations and of the com-
bustion source [42].

This paper focuses on the application of
quantum mechanical methods, particularly by
using density functional theory calculations, to
identify possible reaction pathways leading from
benzene and acenaphthylene to higher aromat-
ics.

CALCULATION PROCEDURE

The geometries of reactants as well as interme-
diates, transition states, and products have been
optimized by using the hybrid density functional
B3LYP method (i.e., Becke’s three-parameter
nonlocal exchange functional [43–45] with the
nonlocal correlation function of Lee et al. [46]),
with the 6–31G(d,p) basis set [47].

Vibrational frequencies of all species in-
volved in the reaction were calculated using
the optimized geometries at the B3LYP/6–
31G(d,p) level and they have been used for
characterization of the stationary points and
calculation of zero-point energy (ZPE) correc-
tions. All the energies cited below include ZPE
corrections in units of Kcal/mol. The stationary
points were identified by the number of imagi-
nary frequencies (NIMF) with NIMF 5 0 for a
stable species and NIMF 5 1 for a transition
state.

All the calculations have been performed by
using the Gaussain 98 program [48]. Reaction
rate are calculated with TheRate code (THE-
orethical RATEs) [49] using the transition state
theory. The thermal rate coefficient is expressed
as:
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k~T! 5 k~T!s
kBT

h
Q6~T!

FR~T!
e$2DV 6/kBT%

where k is the transmission coefficient account-
ing for the quantum mechanical tunneling ef-
fects, s is the reaction symmetry number, Q 6

and FR are the total partition functions (per
unit volume) of the transition state and reac-
tant, respectively, DV 6 is the classical barrier
height, T is the temperature, and kB and h are
the Boltzmann and Planck constants, respec-
tively.

RESULTS AND DISCUSSION

The structures computed by the B3LYP/6 to
31G(d,p) method for the reactants, benzene
and acenaphthylene, are shown in Fig. 1.

Acenaphthylene belongs to the class of poly-
cyclic hydrocarbons, which besides typical aro-
matic behavior can undergo reactions that are
more typical of unsaturated rather than aro-
matic systems, i.e., 9,10-position in anthracene,
9,10-double bond in phenanthrene [50], 1,2-
double bond in acenaphthylene. Specifically,
these compounds are characterized by the pro-
nounced reactivity and aliphatic character of
this bond [51] and they react with electrophilic
reagents by addition rather than by substitution
[52]. This latter characteristic has been used in
this analysis, as previously suggested [12–14].

The length of the double-bond C1–C2 in the
five-membered ring for the optimized structure
of acenaphthylene is 1.36Å (Fig. 1) and it is
larger than a typical carbon-to-carbon double

bond (1.34Å), but shorter than aromatic bonds
(1.39Å). This implies that the C1–C2 bond
partially belongs to the aromatic sextets. Ace-
naphthylene is characterized by a high thermo-
dynamic stability as stated by Stein and Fahr
[53].

Table 1 reports the calculated energy of the
homolytic C–H bond cleavage for the two reac-
tants. The results obtained are in good agree-
ment with the aryl–H bond dissociation energy
obtained by Wang and Frenklach [54] using
their own AM1-group correction method.

Results obtained for the phenyl radical serve
as the gauge of accuracy of the present calcula-
tions. In agreement with the experimental evi-
dence, using the electron-spin resonance spec-
trum [55], and the previous configuration
interaction study [56] phenyl is found to be a
s-type radical with the 2A ground state. The
computed ,Ŝ2. expectation value equals 0.757
(the exact value is 0.75) indicating only mild
spin contamination. The calculated atomic
charges and spin populations in the phenyl
radical testify to the delocalization of unpaired
electron in this species. For the phenyl radical
the spin population of the H-abstracted C atom
is 0.98, the two carbon atoms in the meta
positions bearing most of the remaining spin.
Charges on all atoms are close to zero and the
most negative ones appearing at the carbons
from which the hydrogen atoms have been
removed.

Table 2 reports standard-state (298 K, p 5 1

Fig. 1. Optimized structures for the reactants benzene and
acenaphthylene.

TABLE 1

The Calculated Energies of the Homolytic C–H Bond
Cleavage (Reaction 1)a

Parent arene Siteb De
c EZPE

d

Do
e

this work lit. [39]

Benzene 1 118.42 28.24 110.18 110.7
Acenaphthylene 1 122.58 25.64 116.93

3 118.18 28.07 110.11 111.4
4 110.1
5 111.7

a All energies in Kcal/mol.
b The site of the hydrogen abstraction (carbon atoms

numbered according to fig. 1).
c Dc Dissociation energies.
d EZPE Zero point vibrational energy.
e Do Ground-state dissociation energy.
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atm) thermodynamic properties for the reac-
tants in comparison with literature data. The
calculated thermodynamic properties confirm
the values obtained from more empirical ap-
proaches, e.g., the group contribution theory
[51, 57], the semi-empirical quantum mechani-
cal calculations by Wang and Frenklach [58],
and the force-field approximation by Dorofeeva
[59].

Reaction 1

Usually in the literature the 3-, or 5-acenaphthyl
radicals have been considered in the kinetic
models for aromatic growth. In particular in the
HACA mechanism the acenaphthylene repre-
sents a key feature for PAH formation [1, 27],
opening alternative channels for aromatic
growth. For example, a direct formation of
three-ring PAH, 4-phenanthryl initiated by the
addition of 5-acenaphthyl radical to C2H2 (re-
action pathways II in [27]).

As already mentioned, the site 1 in acenaph-
thylene structure (Fig. 1) has been chosen in
this study because of its aliphatic character and
because it reacts with electrophilic reagents
(phenyl) giving addition reactions. To better
emphasize this point, a deeper analysis of 3-,
and 1-acenaphthyl radicals has been carried out.
Figure 2 shows the relative energy DE (Kcal/
mol) diagram for the H-abstraction to produce
1-acenaphthyl and H2, together with the opti-
mized structures.

The breaking C–H bond length is 1.54 Å and
the H–H length is 0.83 Å. The energetic barrier
for the formation of the transition state is 13.25
kcal/mol. The computed energy barrier for
3-acenaphthyl formation starting from acenaph-

thylene and H is 10.4 kcal/mol, showing that at
high temperature both radicals (3-, and 1-ace-
naphtyl) are widely produced, because the two
energetic barriers can be easily over come.

The reaction rate for the formation of 1-ace-
naphthyl 1 H2 starting from acenaphthylene 1
H was calculated by using TheRate code (THE-
orethical RATEs) [47], with the transition state
theory. The value obtained are reported in Fig.
3 in comparison with the reaction rate for the
formation of 5-acenaphthyl used by Frenklach
and coworkers [60].

Starting from 1200 K the reaction rate of
1-acenaphthyl reaches values comparable with
those of the 5-acenaphthyl, indicating that the
formation of 1-acenaphthyl may represent a
significant pathway for molecular weight growth
in combustion systems.

TABLE 2

Standard-State (298K, 1 atm) Thermodynamic Properties

Species Formula

Cp
o

298 cal/mol/K So
298 cal/mol/K

this work lit. this work lit.

Phenyl C6H5 18.78 18.8a 18.5b 70212 69.0a 68.6b

Acenaphthylene C12H8 35.28 36.9d 36.4b 86.095 87c 86.4b

a Ref. [51].
b Ref. [56].
c Ref. [55].
d Ref. [57].

Fig. 2. Relative energy DE (kcal/mol) diagram for the
reaction acenaphthylene 1 H 5 1-acenaphthyl 1 H2,
together with the optimized structures.
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Reactions 2 and 3

For Reactions 2 and 3 we chose phenyl and
acenaphthylene as Arom1* and Arom2–H, re-
spectively, because of the importance of the
attach of a radical to the double bond of five-
membered-ring compounds.

The reaction of phenyl and acenaphthylene
begins with the formation of the C6H5C12H8
(Arom1–Arom2–H in Reaction 2) species, re-
ported in Fig. 4 as structure 1. This intermediate
is produced by the addition of phenyl to the
double bond of acenaphthylene. A p bond is
broken and a s bond is formed with a length of
1.52 Å (C3–C39).

Steric hindrance brings about distortions
from planarity in the geometry. An inspection of
the optimized intermediate indicates that the
two group planes are twisted to an angle of 118o

with respect to each other. This rotation effec-
tively increases the distance between the H
atoms situated in the bay region, minimizing the
repulsion between them. At the same time, due
also to the steric overcrowding, the H6 bonded
to the sp3 C of the five-member forms angles of
108o with the acenaphthylene plane (see Fig. 4).
The new C–C bond is formed without encoun-
tering a barrier; the potential energy surface has
an attractive character. The C6H5C12H8 has
energy about 43 Kcal/mol lower than that of the
reactants, at our B3LYP level. The unpaired
electron is on the less substituted carbon, C49, in
the five-membered ring.

From this intermediate, it is possible to con-
sider different pathways, i.e., unimolecular
b-scission reactions either to release the 6 H-
atom or to break the 29-39 C–C bond, but in a
rich combustion environment high concentra-
tions of H-atom are available, so the intermedi-
ate can undergo an abstraction reaction. In
particular H6 can be abstracted by the H atom.
Structure 2 in Fig. 4 reports the product
(C6H5C12H7) obtained after the H abstraction.
The two electrons on the molecule (C39–C49)
arrange themselves, giving back a double bond
in the five-membered ring.

H-abstraction is exothermic because of the
restoration of the resonance structures. The
energy is 107 Kcal/mol lower than that of the
reactants. The relief of steric overcrowding is
accompanied by a flattening of molecular geom-
etry and an increase of the stabilization through
resonance. The calculated C2–C3–C39–C29 di-
hedral angle (Fig. 4, structure 2) is predicted to

Fig. 3. Comparison between the predicted reaction rate for
the reaction C12H8 1 H 5 1-C12H7 1 H2 (solid line) and
C12H8 1 H 5 5-C12H7 1 H2 [60]) (dashed line).

Fig. 4. Optimized structures for the intermediate C6H5C12H8 (structure 1) and the product C6H5C12H7 (structure 2).
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be 36o. The hydrogen abstraction is accompa-
nied by a widening of the bond angle C49–C39–
C29 by ;6.0o and a concomitant shortening of
the adjacent C39–C3 bonds by ;0.02 Å, in good
agreement with the observations reported by
Cioslowsky et al., [61]. The relative energy DE
(Kcal/mol) diagram for this route (Path 1) is
reported in Fig. 5. The reference value consid-
ered for this graph is represented by the sum of
the contribution of phenyl, acenaphthylene and
H atom, the latter being involved in the second
reaction step (C6H5C12H8 1 H 5 C6H5C12H7 1
H2). The energies for all the species are sum-
marized in Table 3.

For phenyl radical, the calculated parameters
(vibrational frequencies and moments of iner-
tia) were compared with available data obtained
by Wang and Frenklach [58] using semiempiri-

cal calculations and Madden et al., [62] employ-
ing the G2 M approach [63], showing a good
agreement. At the B3LYP level no transition
state has been identified for the Reaction 3
pathway to produce C6H5C12H7 H2 from
C6H5C12H8. 1 H. This means that if the tran-
sition state exists, its energetic barrier is within
the uncertainty of the level B3LYP (4–5 Kcal/
mol). Because this value is very small, as the
intermediate is formed, it rapidly forms the
products (C6H5C12H7 1 H2), indicating that in
the approximation of the steady state, the con-
centration of C6H5C12H8 is very low.

Equilibrium has been calculated between re-
actants (phenyl and acenaphthylene) and prod-
ucts (C6H5C12H7 1 H2). Figure 6 reports the
equilibrium constant evaluated by using TheR-
ate code.

In Reaction 2 (phenyl 1 acenaphthylene 5
C6H5C12H8) DS is negative: the system loses 6
degree of freedom (three translations and three
rotations); in rx3 (C6H5C12H8 1 H 5
C6H5C12H8 1 H2) the system gets two rotations
for the formation of the linear molecule H2 and
DS is positive. The equilibrium constant ap-
proaches 1 (DG 5 0) for T ;2000 K. The
reaction rate for the reaction between phenyl
and acenaphthylene has been evaluated by us-
ing the collision theory and the result is re-
ported in Fig. 7.

The calculated expression for the reaction
rate is: k(T) 5 1.3E13 T0.5 exp(6.95E-4/T).
Further work will be conducted on this reaction
to calculate the reaction rate by using varia-

Fig. 5. Potential energy diagram at the B3LYP/6–31G(d,p)
level for the Path 1 (solid line) and Path 2 (dashed line).

TABLE 3

Relative Energies (Zero-Point-Energy-Corrected, in kcal/
mol) for Species Involved in Reaction Path 1

Species ZPEa B3LYP/631G(d,p)b

C6H5 54.90 0.0
C12H8 100.18 0.0
H 0.0 0.0
C6H5C12H8 1 H 156.92 243.68
C6H5C12H7 1 H2 157.41 2107.71

a ZPE calculated at B3LYP-6-31G(d,p) level.
b The total energies (in Hartree) for phenyl, acenaphth-

ylene, H-atom and H2 are the following: 2231.5692218,
2462.1008247, 20.5002728, 21.1785393.

Fig. 6. Predicted equilibrium constant between reactants
(C6H5 and C12H8) and products (C6H5C12H7 and H2).
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tional transition state theory and to evaluate the
rate coefficients at different pressure.

Reaction 4

Aside from Path 1, phenyl can react directly
with 1-acenaphtyl radical. The product obtained
from the addition reaction of these two radicals
(Arom1* and Arom2*) is the same as for the
previous pathway and the structure is reported
in Fig. 4 as structure 2. The electrons present on
phenyl and 1-acenaphthyl radicals form a new
C–C bond without encountering a barrier. The
product has energy 117 kcal/mol lower than that
of the two reactant radicals, as shown in Fig. 5.
Table 4 reports the calculated energies for this
second pathway.

The relative energy for this route (Path 2) is
reported as dotted line in Fig. 5 together with
the first analyzed pathway (solid line). The
addition of Arom1* and Arom2* does not show

any energetic barrier and the reaction rate for
this pathway is expected to be similar to the one
obtained in Path 1, with values close to the ones
of the collision theory. The rate-limiting step for
this pathway is represented by the H-abstraction
from acenaphthylene, whose energetic barrier
has been evaluated at ;14 Kcal/mol.

This result is not surprising: Wong and Ra-
dom [64] performed ab initio calculations at a
variety of levels of theory for a number of
prototypical radical addition reactions with a
view to determining a level of theory suitable for
predicting reliable barriers. By using the B3LYP
method with 6–311G(d,p) basis set, they calcu-
lated the energetic barrier for the addition of
CH3* to CH2 5 CHX and their calculations
show that when X 5 CH3 the energetic barrier
is 22.5 kJ/mol, but for X 5 CHO the value drops
down to 12.0 kJ/mol. This means that the tran-
sition state for the radical addition to the double
bond can be stabilized by the p-bond network
(resonance). The molecule produced with the
reaction model proposed in this paper has much
larger resonance effect and thus, the barrier is
expected to be much lower.

The sequence of reactions (1–4) analyzed
above can be considered as the first propagation
step of a sequence that can be easily repeated,
i.e., starting from the product reported in Fig. 4
as structure 2, through further H-atom abstrac-
tions, it is possible to get compounds with
higher molecular mass. The energetic path will
have the same trend as in the first sequence.
The relative energetic barrier for the following
steps will be smaller due to the greater stability
of the higher molecular weight compounds. For
example, the H abstraction from the product
reported in Fig. 4 has been evaluated to have an
energetic barrier of 10.7 Kcal/mol, which repre-
sents a lower value compared with that of
H-abstraction from benzene or acenaphthylene
(see Fig. 2).

A first validation for those new pathways
comes from the results obtained by Mulholland
et al., [65], who have studied polycyclic aromatic
hydrocarbons growth from cyclopentadiene and
indene. Addition of the cyclopentadienyl moiety
to p bond produces a resonance-stabilized rad-
ical, which further reacts by one of two unimo-
lecular channels. They concluded that pyrolytic
growth of PAHs from indene and cyclopenta-

Fig. 7. Predicted reaction rate for the reaction between
C6H5 and C12H8 evaluated using the collision theory.

TABLE 4

Relative Energies (Zero-Point-Energy-Corrected, in Kcal/
mol) for Species Involved in Reaction Path 2

Species ZPEa B3LYP/631G(d,p)b

C6H5 54.90 0
C12H8 100.18 0
H 0 0
TS 1 C6H5 154.26 13.25
1-C12H7 1 C6H5 1 H2 155.83 11.63
C6H5C12H7 1 H2 157.41 2107.71

a ZPE calculated at B3LYP-6-31G(d,p) level.
b The total energies (in Hartree) for phenyl, acenaphth-

ylene, H-atom and H2 are the following: 2231.5692218,
2461.4052055, 20.5002728, 21.1785393.
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diene occurs predominantly by radical–mole-
cule addition over a temperature range of 550 to
850°C, and they also proposed reaction path-
ways to account for the observed aromatic prod-
ucts found in their experiments, which resemble
in the first part the mechanism here proposed.

CONCLUSIONS

In this paper computational support is provided
for a reaction pathway of aromatic growth that
parallels the HACA mechanism. Reaction
routes are analyzed by using quantum mechan-
ical density functional methods. High-molecu-
lar-mass compounds can be formed in a se-
quence of chemical reactions between aromatic
compounds and compounds containing conju-
gated double bonds. The sequence begins with
the H-abstraction from aromatic compounds to
produce the corresponding radical, which then
furnishes higher aromatics through either a
two-step radical–molecule reaction or a direct
radical–radical reaction addition. Iteration of
this mechanism followed by rearrangement of
the carbon framework ultimately leads to high-
molecular-mass compounds. In this study these
reactions have been analyzed in detail and
possible reaction pathways are reported, using
benzene and acenaphthylene as representative
reactants.

The work presented in this paper adds new
information to the general type of aryl–aryl and
aryl–aromatic combination mechanism. The dis-
tinguishing features of the model presented lie
in the chemical specificity of the routes pro-
posed, where aromatic compounds attack the
double bond of five-membered-ring PAH, form-
ing resonantly stabilized radical intermediates,
but more interesting is that the analysis re-
ported shows the need of H abstraction from
the Intermediate specie (structure 1 in Fig. 4) in
order to get resonant stable compounds (struc-
ture 2 in Fig. 4). Without this added reaction the
product would decompose to the reactants: the
decrease in entropy in polymerization at high
temperatures needs to be offset by the DH
resulting from the hydrogen abstraction to pro-
vide a favorable DG for the forward reaction.
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