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High temperature quantum chemical molecular dynamics simulations on the polycyclic aromatic
hydrocarbon (PAH) formation during combustion of benzene were performed using the
density-functional tight-binding (DFTB) method. Systems with varying H/C of 0.8, 0.6, 0.4, and 0.2
and temperatures of T,=2500 K and T,=3000 K were employed for the study of the PAH
formation and growth mechanism, and trajectories were analyzed by recording average C:H
compositions, common elementary reactions and molecular species, ring count, and other
characteristic quantities as functions of time. We found that at H/C=0.8 mostly short polyacetylenic
hydrocarbons were formed, and no significant PAH growth was found. At lower H/C ratio, longer
polyacetylenic chains started to form and new five- and six-membered rings were created due to
chain entanglement. Significant PAH growth forming only pericondensed PAHs was observed at
lower H/C ratios of 0.4 and 0.2. In addition, smaller hydrocarbon species, such as C,H,, C,H, and
C,, are constantly produced by fragmentation of hydrocarbons (unimolecular reactions) and remain
common species, although they are simultaneously consumed by the H-abstraction-C,H,-addition
growth mechanism. Hydrogen is found to have a clear inhibitive effect on PAH and carbon cluster
growth in general, in agreement with recent experimental observations. © 2010 American Institute
of Physics. [doi:10.1063/1.3447895]

I. INTRODUCTION remains a challenging problem. Mass-spectroscopic experi-

ments on flame ions were performed by Homann group as
early as 1987.% They recorded the H/C ratio of PAH species
from acetylene flames in dependence on the burner distance
and postulated that the thermodynamically most stable PAH
species with the maximum number of condensed rings C,H,
represent a “band” of growth that is followed by the recorded
species. Based on this observation, it was postulated that the
PAH platelets should have little to no pentagons and little
hydrogen addition or loss defects.' Such a structural proposal
for the intermediate species is hard to reconcile with the fact
that product species such as fullerene cages and soot par-
ticles are generally curved.* H/C ratios in PAHs based on in
situ mass spectroscopy cannot give direct information re-
garding the carbon skeleton of the high-temperature species,
and the structural postulate presented by Homann et al. is
based solely on thermodynamic reasoning while overlooking
the kinetics of structural transformation and annealing pro-
cesses before the molecular species can be detected in the
mass spectrometer. Moreover, the concentration of flame
ions was recently found to be lower by factors of 10*—10°
than that of neutral PAHs.? Therefore, the concentration of
hydrocarbon ions is too low to play an important role in

Understanding the formation mechanism of polycyclic
aromatic hydrocarbons (PAHs) is one of the most challeng-
ing topics in the area of hydrocarbon fuel combustion and
pyrolysis. PAHs are formed during pyrolysis and in the main
oxidation zone of the flame and grow to high-molecular-
weight species.1 Interest in the detailed formation mecha-
nism has recently significantly increased due to environmen-
tal concerns regarding pollutant emission from combustion
devices.? Moreover, the formation of PAHs and their
hydrogen-deficient precursor molecules is involved in the
formation of fullerenes®™ and nanotubes® in their combus-
tion synthesis and in the chemical evolution of the interstel-
lar medium.’

The hydrocarbon flame is a very complicated system due
to the many chemical and physical processes simultaneously
involved in high temperature reactions. During the combus-
tion, many different carbon-containing molecular and su-
pramolecular species have been identified. Among them are
very short-lived species, such as radicals and ions, and very
stable compounds such as the water gas compounds CO,
CO,, H,, and H,O. In addition, in a fuel-rich flame, PAHs
and soot are well known and common products. Experimen-

tal techniques such as mass spectroscopy are used to identify
the molecular composition of these PAHs, but determination
of their molecular structure at combustion temperatures still
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flame chemistry, and an investigation of the evolution of
ionic species alone cannot be expected to yield a complete
understanding of the PAH formation mechanism. Very re-
cently, gas-phase condensation experiments such as laser py-
rolysis and laser ablation have been performed by Jiger et
al."® to understand PAH formation using hydrocarbon fuel
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species such as C,H,, C,H,, and C¢Hg. They observed that at
lower temperature (<1700 K) PAHs consisting of mainly
three to five rings are formed, whereas at higher temperature
(>3500 K), fullerene or fullerenlike structures were domi-
nantly formed. They also suggested that the formation path-
way of the soot particles was characterized by the formation
of carbon chains in line with our previous simulations."’

Although it is certainly beyond reasonable doubt that
PAH molecules grow into soot particles,12 neither chemical
composition of the neutral intermediates, their radical char-
acter, nor prevalent routes of condensation mechanisms have
been clarified in experimental studies. Therefore, theoretical
studies are of viable importance for studies in this field, and
the PAH formation mechanism was first studied using tran-
sition state theory for selected chemical species that were
chosen based on assumptions for the reaction
mechanisms.'>'* As the smallest compound in the PAH se-
ries, naphthalene formation was modeled via two routes: at
first by the sequential addition of C,H, to a phenyl radical
and second by the combination of resonantly stabilized radi-
cals. The first mechanism is usually known as the
H-abstraction-C,H,-addition (HACA) mechanism and has
become somewhat of a consensus in the combustion
community.13 Formation and consumptions of single-ring
aromatic hydrocarbons and their precursors in premixed ben-
zene flame were also studied using kinetic modeling.15 Ac-
cording to these studies, benzene consumption occurs due to
H abstraction reactions, and thus the formation of the phenyl
radical (C¢Hs) was deemed important. On the condensation
side of the mechanisms, growth pathways leading to PAHs
containing up to six condensed rings were studied by Richter
et al.'® They confirmed in kinetic models that PAH growth
can occur following the proposed HACA mechanism, but
alternative pathways cannot be excluded by such studies.
Yet, when it comes to highly accurate quantum chemical
reaction pathway studies, exhaustive theoretical modeling of
PAH growth have only reached to the system size of the
indene and CoHy; molecule.'”'®

To overcome the computational limitations of detailed
tracking of individual reaction pathways, the growth of aro-
matic hydrocarbon in benzene laminar flame has been mod-
eled using kinetic Monte Carlo and molecular dynamics
(MD) methods based on classical potentials adjusted to the
results of quantum chemical calculations for small model
species.12 In general, pyrolysis and combustion MD simula-
tions are hampered by the fact that H abstraction reactions
are occurring at a very slow rate’ even for semiclassical
reactive force field (ReaxFF) potentials.20 Moreover, because
of the importance of 7r-conjugation, aromatic Clar sextets,
and the stability differences of radical species, fully quantum
chemical MD (QM/MD) simulation of the combustion pro-
cess are clearly preferable over classical force field
approaches.

A brute force QM/MD approach considering both fuel
and O, molecules as reaction system is computationally not
feasible even on today’s supercomputer systems due to the
long time scales involved in H abstraction reactions. Since it
is obvious that oxidation will eventually lead to the exother-
mic products H,O, CO, and CO,, which provide the heat of
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the combustion, the resulting oxygen-containing products are
closed-shell molecules with low reactivity and not expected
to participate much in the growth process. Hence, in our
previous study of fullerene formation in benzene flames'" as
well as in the present work, we modeled the oxidation pro-
cess by gradually removing hydrogen atoms during constant
temperature QM/MD simulations. In the present study, we
chose reaction systems initially consisting of 27 benzene
molecules and subsequently removed hydrogen atoms during
nonequilibrium MD simulations until a desired H/C ratio
was achieved, for which we followed chemical transforma-
tions for tens of picoseconds. During the QM/MD simula-
tions, we recorded fragment sizes and C:H composition, sp”
hybridization, and the numbers of carbon backbone
pentagons/hexagons/heptagons as functions of time.

Il. METHODOLOGY

A. Density-functional tight-binding quantum chemical
potential

All QM/MD simulations were performed with the
density-functional tight-binding (DFTB) method as imple-
mented in the program package developed by Frauenheim,
Seifert, Elstner, and co-workers.”’ DFTB is an approximate
density functional theory (DFT) method based on the tight
binding approach and uses an optimized minimal linear com-
bination of atomic orbitals (LCAO), Slater-type valence-only
basis set, in combination with a two-center approximation
for the Hamiltonian matrix elements and diatomic repulsive
potentials. We have compared its performance with ab initio
G3-type and first principles B3LYP benchmark data reported
by Kislov and Mebel'® for the prediction of reaction barrier
heights, energetics, and molecular geometries of radical PAH
formation pathways for systems with up to ten carbon
atoms.'" We compared energetics predicted by both non-
charge-consistent (NCC) and self-consistent-charge (SCC)
incarnations of DFTB after reoptimization of the structures
at the respective level.'" We noted that the NCC-DFTB and
SCC-DFTB energies and, consequently, relative energies and
barrier heights are rather close since the charge polarization
in these systems is generally small. The agreement of DFTB
energetics with that of the computationally far more expen-
sive B3LYP and G3(MP2/CC) data was remarkable. Follow-
ing our previous work,"" we chose to apply a finite Fermi—
Dirac electronic temperature T, of 5000 K to ensure roughly
equal population of the radical’s singly occupied molecular
orbitals, which is crucial for NCC-DFTB-based QM/MD
simulations. A detailed discussion on the formalism and use
of finite electronic temperature within DFTB is given
elsewhere.”> Our benchmark studies justify the use of the
computationally inexpensive NCC-DFTB level of theory in
combination with electronic temperature for the quantum
chemical potential underlying MD simulations of benzene
combustion and confer a near-DFT accuracy on such simu-
lations. In the remainder of this article we will use the term
“DFTB” in place of “NCC-DFTB” for simplicity.
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SCHEME 1. Hydrogen removal scheme during simulations to achieve the
described H/C ratio.

B. Molecular dynamics

To ensure constant density, the simulations were carried
out using periodic boundary conditions (PBCs). The gamma-
point approximation was used for the PBC cell image inter-
action calculations. All trajectories were computed by calcu-
lating analytical DFTB energy gradients on the fly with a
Verlet integrator using 0.48 fs as time integration interval At.
We have checked in microcanonical MD simulations that this
choice for At is small enough to ensure proper time integra-
tion for the higher frequency C—H stretch vibrations at the
given system temperature. Two target nuclear temperatures,
T,=2500 K and T,=3000 K, were maintained using scal-
ing of atomic velocities; the scaling was performed regularly
after every 4.84 fs, and additionally scaling occurred at any
given time step with a random probability of 10%, thereby
an overall scaling probability of 20% was applied. We com-
puted a total of 20 trajectories (10 trajectories for each tem-
perature) for each target system’s H/C ratio. MACMOLPLT
(Ref. 23) was used for graphical visualization of the trajec-
tories.

C. Modeling gas-phase benzene oxidation

The starting model system consisted of 27 benzene mol-
ecules stacked in three layers of nine molecules arranged in a
three by three quadratic plane with an interlayer distance of
5.5 A and closest intermolecular H contacts of 2.8 A, in a
cubic cell with 30 A side length. The particular arrangement
of the benzene molecules is not crucial as the layered struc-
ture very quickly disappears at the high system temperatures.
The initial density of the model system is 0.130 gm/cm?,
which is high for gaseous benzene but low when compared
to the density of liquid benzene density, which is
0.87 gm/cm’. We have used such a high pressure/density
environment to accelerate the initial PAH growth. The car-
bon density of the model system is 0.120 gm/cm?.

As already mentioned, we do not include oxygen mol-
ecules in our model systems; instead, we remove 30 ran-
domly selected hydrogen atoms from the system every
5.00 ps until a desired H/C ratio was achieved. As illustrated
in Scheme 1, we begin with ten trajectories for each target
temperature starting from the initial geometry, generated by
ten different sets of random initial velocities to the atoms.
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For 5.00 ps, no H atoms were removed. These initial trajec-
tories are named m=1,2,3,...,10. These trajectories were
analyzed in Sec. III for the dynamics for t<<5 ps. As illus-
trated in Scheme 1, using the final geometries and velocities
of the m=1 trajectory and by removing ten different sets of
randomly selected 32 hydrogen atoms, we created ten new
trajectories at each temperature with the first target system
H/C ratio of 130/162=0.802 (we denote them as H/C=0.8).
These H/C=0.8 trajectories were then continued up to a to-
tal simulation time of 70.06 ps. After 5.00 ps into each
H/C=0.8 trajectory, we spawn a new trajectory by randomly
removing more 33 H atoms to generate a trajectory having
the lower H/C ratio of 97/162=0.599 (in short H/C=0.6),
and these trajectories are also continued up to a total simu-
lation time of 70.06 ps. The same procedure was applied, as
shown in Scheme 1, to spawn ten H/C=65/162=0.401 (in
short H/C=0.4) trajectories and then H/C=32/162=0.198
(in short H/C=0.2) trajectories. We named the ten trajecto-
ries for each T, and H/C ratio P2500Kx_n and P3000Kx _n,
where n=1-10; x=8, 6, 4, and 2 correspond to H/C ratios of
0.8, 0.6, 0.4, and 0.2, respectively. The target H/C ratios of
0.8, 0.6, 0.4, and 0.2 have corresponding densities of 0.128,
0.126, 0.124, and 0.122 gm/ cm’, respectively. Thus, a total
of 40 trajectories for each temperature was generated, which
share the previous parts of the trajectories run during the
stepwise 5.00 ps H removal stages (see Scheme 1 for an
explanation of the generation of the trajectories). Benzene
oxidation is thus simulated by hydrogen removal instead of
allowing chemical reactions of O, molecules with the hydro-
carbons that would eventually lead to exothermic products
H,O, CO, and CO, via the more reactive radical species
OOH and OH. We have discussed the merits and disadvan-
tages of such a simplified approach in our previous work,
and we only wish to refer here to the detailed discussion
given in Ref. 11. Since it is not feasible to perform more
“realistic” simulations on present-day computers even with
the relatively inexpensive DFTB potential, we refrain from
detailed analysis regarding all possible reaction pathways oc-
curring in our simulations, and instead focus more on the
qualitative aspects of cluster growth such as fragment size,
H/C ratio, carbon sp? versus sp hybridization, and ring count
statistics as a function of simulation time.

lll. RESULTS AND DISCUSSIONS
A. Initial reactions (t=0-5 ps, H/C=1)

For both target temperatures, we have computed ten dif-
ferent trajectories with all atoms in the model system for the
first 5.00 ps. During this initial 5.00 ps time interval, where
all 162 hydrogen atoms were present in the system, we al-
ready observed various radical reactions due to thermal de-
composition and the high benzene density, in particular, for
the case of T,=3000 K. The hydrocarbon species different
from benzene, resulting from reactions occurring at
T,=2500 K, are products of hydrogen abstractions with
2C¢H;, 3C¢Hs, C¢Hy, 3H(m=1), 2C¢Hs, 2H(m=2), C(Hs,
3C4H;, 3C¢Hs, 2C4H;, C,H, C,, 3H(m=3), C¢H;, 2C¢Hs, H
(4), C6H7, 4C6H5, 3H(m=5), C12H11, C6H8’ C6H7, 5C6H5,
3H(m=6), 4C¢Hs, C,Hs, C,H, 4H(m=7), 2C4Hs, 2H(m
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FIG. 1. Average number of C:H composition of species created with
H/C=1 and time t=5.00 ps. For details, see text.

=8), C¢H;, C¢Hs, 4C,H,, 2C,H, H(m=9), C;,H,,, C,H,
C,H,, and 5H(m=10); clearly, the carbon framework of
the benzene molecules remains unmodified in
5(m=1,2,4,5,8) cases, whereas in other cases biphenyl-like
structures are formed and/or small fragments have created
due to thermal decomposition. The nonbenzene species cre-
ated for T,=3000 K are more prominent and involved modi-
fications of the carbon frameworks: 2C¢H;, 7C¢Hs, 2C4H,,
C4H, C2H3, 4C2H2, C2, H2, 7H(m:1), C6H7, 5C6H5,
4H(m=2), C,H;,, 4C¢H;, 4C¢Hs, CcH;, C,H,, C,Hj;,
C,H,, 2C,H,, 5H(m=3), C;,H;;,, C¢H;, 6C¢Hs, C4Hs,
C,H,, 6H(m=4), 4C¢H,, 4C¢Hs, CcH,, C,Hy, C4Hs, C,H,,
C,H, 4H(m=5), C¢H,, 4C¢Hs, C¢H,, C4Hy, C4H,, 5C,H,
H,, 6H(m=6), C,H,,, 2C¢H;, 5C¢Hs, CcH,, C,H;, C3H,,
C;H;, 3C,H,, C,H, H,, 5H(m=7), 2C¢H,;, 5C¢Hs, C,H,
C,H,, C,H,, C,H, C,, H,, 5H(m=38), 3C4H;, 3C¢H;, C3Hy,
C2H3, C3H, 2C2H, H2, 6H(m:9), 3C6H7, 4C6H5, C4H2,
C,H, and 4H(m=10). It was observed that in some cases at
T,=3000 K, H, molecules formed due to the high abun-
dance of H radical. The average C:H composition (averaged
over ten trajectories) of different species (excluding CgHg
species) present at the end of the 5 ps simulations at the two
temperatures are displayed in Fig. 1, which shows a pro-
nounced temperature effect since at higher temperature a
greater variety of hydrocarbon species was created. Under
these circumstances, the initial 5.00 ps cannot be considered
an equilibration period, but rather represents benzene pyroly-
sis exhibiting initial reactions preceding our programed hy-
drogen removal simulations. The initial reactions are typi-
cally hydrogen abstractions, creating phenyl and H atom
radical species: CqHg— C4Hs+H. Follow-up reactions of
this abstraction become generally much faster once the phe-
nyl and H radical species are created. In particular, the H
radical is sometimes found to react with abundant benzene to
create the cyclohexadienyl (C¢H;) radical. At T,=3000 K,
further decomposition reactions such as C¢Hs;— CcH,+H
and C¢Hg— C4H,+C,H, or C,H;— C,H+H, are also ob-
served. No five-membered CsH, ring species are observed
during this initial reaction period. In reference to experimen-
tal findings, we note that small hydrocarbon species such as
C,H, C,H;, C,Hs, C3H, C3H;, C3Hs, C4H, C4H;, C4H;,
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T,=2500K,H/C=1,t=0-5ps

@ X R4 S &4
C¢Hs(0.00ps) CgHs (3.67ps)  CgH, (4.31ps)
CgHg— CgHs + H; CgH; — CH, +H

C4Hq (0.00 ps) CqHs (346ps) CgHs (4.50ps)  C,H, (4.64ps)
CgHg— CgHs + H ; CgHy — C,H,y + C,H, ; C,H, — C,H, + C,H

© {:I ﬁ k«, oo
CoHs(0.00ps)  CgHs (1.54ps)  CgHs(3.00ps)  C,H, (3.72ps)
CoHg— CqHs + H; CyHg— CHy + C,H,

U = SR ¢ S & SR AW
CgHs(0.00ps)  CgH; (2.94ps)  CqH, (3.02 ps)
CgHg+ H — CgH;; CgH; + H— CgHg

CeH; (3.76 ps) Ci,Hs, (3.80ps) CizHig (4.25 ps)

CgHg— CgHs + H ; CgHg + H — CgH; ; CgH; + CgHs — CoHy, — CipHyy +H;
CioHyy = CipHyo v H

CqHg (3.18ps)

FIG. 2. Snapshot geometries of initial reactions at T,=2500 K with
H/C=1 during t=0-5 ps.

C4H;, CsH;, CsHs, and C¢Hs were also observed in pre-
mixed benzene/oxygen/argon flames under synchrotron
photoionization.24

Some of the typical reactions and associated molecular
structures observed during the first 5 ps of simulations with
H/C=1 are displayed in Figs. 2 and 3 for T,=2500 K and
T,=3000 K, respectively. At T,,=2500 K, mostly benzene
molecules (C¢Hg) undergo thermal decomposition and form
CgH; radicals (C¢Hg— C¢Hs+H) and the created H reacts
with the C¢Hg to form C¢H; (CeHg+H— CgH;). In some
cases, the CqHs radicals were observed to undergo further
decomposition to CgH,. Figure 2(a) shows the formation of a
para-CgH, species. Figure 2(b) shows a C¢Hs unit undergo-
ing ring opening and subsequently forming smaller hydrocar-
bons (C¢Hs; — CHCHCHC +C,H,). CHCHCHC exhibits fur-
ther decomposition to form C,H, and C,H species
(CHCHCHC — C,H,+C,H). Thus, smaller, entropically fa-
vored and reactive hydrocarbon species such as C,H, and
C,H are formed as a result of high-temperature unimolecular
decomposition. Figures 2(c) and 2(d) show two more ex-
amples where benzene undergoes thermal decomposition,
forming smaller hydrocarbons CH,CCC and
CH;CHCHCHCHCH. Figure 2(e) shows an example where
C¢H; and C¢Hs bind to form C4H,—CgHs, which subse-
quently undergoes H abstractions to form the thermodynami-
cally more stable C,H,, species (CcHg— C¢Hs+H; C4Hg
+H—C4¢H;; CHy+CeHs— CgHg—CHg— CgHg—CeHs+H;
and Cg¢Hy—C¢Hs— C¢HsC(CHCHCHCHCCH+H). At
higher temperature T,=3000 K, it was found that the system
becomes more reactive and much more smaller hydrocarbon
species were created, as evident in Fig. 1. Figures 3(a)-3(c)
display selected fragmentations (unimolecular reactions) at
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C,H, (4.13ps)

CeHg — CgHs + H; CgHs + H — meta-CeHg — finear-CgHg — C4Hs + C,H; C4Hs + C;H — CiH, + CoH,

s D o B o S A N

C¢Hg (0.00 ps) Cg¢H,(3.66ps) CgH,(3.95ps) CgH;(4.20ps) C,H,(4.56 ps)
CgHg + H — CgH; — linear-C¢H, — linear-C¢Hg + H ; linear-CgHg — C4H,4 + C,H,

MR o S = S G

CeHq (0.00 ps)

A

CeHg (360 ps) CgHg (3.61ps) CgHs (4.01ps)  C,H, (4.02 ps)

3

C,H, (4.81ps)

FIG. 3. Snapshot geometries of the initial reactions at
T,=3000 K with H/C=1 during t=0-5 ps.

{/

C,H (4.51ps)

CgHg — meta-CgHg — linear-CgHg — linear-C¢Hs + H; linear-C¢Hs — linear-C¢H, + H; linear-CgHy —

C,H,+C,H,;CH, - CH+H

the higher temperature, where smaller species such as
CH,CHCCH and C4H were created. In this case, ring open-
ing occurred either via C¢H;5 radical or CgH; formation, and
fragmentations were observed after the formation of linear
hydrocarbon species.

B. Cluster growth and ring formations: Effect of H/C
ratio and temperature

As discussed above and shown in Scheme 1, we created
initial conditions for H/C=0.8, 0.6, 0.4, and 0.2 by ran-
domly removing H atoms from trajectories with higher H/C
ratio. Although all trajectories share the m=1 initial trajec-
tory as described above, we expect similar behavior if any of
the m=2,3,...,10 initial trajectories had been chosen in-
stead. The arbitrary removal of hydrogen atoms from the
system obviously created many more radical species, in ad-
dition to those formed due to the preceding thermal decom-

To=3000K, H/C=0.81,t=5 —10ps

position of the H/C=1 system; consequently, the system be-
came more reactive and larger hydrocarbon species started to
form. Some of the representative reactions occurring at this
stage are displayed in Fig. 4 for various H/C ratios. Figure
4(a) shows that C¢H; added to C¢H, to form a biphenyl-like
structure  (C4H;+C¢Hy;— C,H;;). Subsequently, C,H,
caught H and formed the less stable C;,H;, species, which
experienced isomerization with the resulting opening of one
of the two six-membered rings, that re-emerged as a five-
membered ring plus one CH; group attached. At the end of a
total simulation time of 10 ps, found in some cases species
such as C;,H;; consisting of one five-membered ring and
one six-membered ring are formed. Figures 4(b)-4(d) show
examples where C4Hy underwent ring opening by loosing H,
subsequently reacting with other linear species to form
C,,H¢ (b), CcHsCCCC (c), and C4H5CC (d) hydrocarbons.
Figures 4(c) and 4(d) show hydrocarbon growth due to the

- S " 2 S 1

CeH;(5.00ps) CyyHy4(7.48ps) CyyHyp (8.26ps) CyHn(9.25ps) CypHyq (9.37ps) CyyHy (10.01ps)

CeHy+ CgHy — CigHyq ; CooHyy + H— CoHyp ; CioHyy — CooHyg + H

CeH5(5.00ps) CgH,(5.65ps) CgH,(5.98ps) C,,Hg(8.73 ps)
CgHs— CeH, + H ; CeHy + CgHy — CyyHy ; CyoHg — CipHg + 2H

CeHs(5.00ps)  CygHe (6.87 ps)

(b)
C1oHs (10.01 ps)

(©)

CiHg(6.99ps)  CyH; (7.05ps)  CyoHe (7.50ps)

FIG. 4. Snapshot geometries of the initial reactions at
T,=3000 K with H/C=0.81 during t=5-10 ps.

57

C1oHs5 (7.95 ps)

CgHs+ C,H — CygHg ; CyoHg + CH, — CyyHg ; CioHg — CiHy + H; CyoHy — CygHg + CoH ; CigHg — CooHs + H

xro& &

CeHs(5.00ps) CgHe (5.68ps)  CqHs (7.52 ps)
CeHs+ CoH — CgHg ; CgHg — CgHs + H

(d)
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FIG. 5. Hydrocarbon formation and growth with time for T,=2500 K. Each point corresponds to a species of the form C,H,. The (gray) line corresponds to

the H/C ratio of over all system. Data points plotted for ten simulations.

addition of C,H,- or C,H-like species. After this point, the
number of reactions became too large to identify major reac-
tion pathways, but we will discuss general observations in
the remainder of this section.

The C:H compositions of hydrocarbons formed during

H/IC=0.8
70.06 ps
Ll T y = 1
% 45.04 ps
3+
y Xy Ty *§g ¥4
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0 —T T T 77—
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simulations are shown in Figs. 5 and 6 as a function of time
for H/C=0.8, 0.6, 0.4, and 0.2. Data points are plotted for as
averages over ten trajectories for each temperatures of
T,=2500 K and T,,=3000 K. Each data point on the graph
corresponds to a hydrocarbon of the form C,H,. In order to
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FIG. 6. Hydrocarbon formation and growth with time for T,=3000 K. Each point corresponds to a species of the form C,H,. The (gray) line corresponds to

the H/C ratio of over all system. Data points plotted for ten simulations.
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FIG. 7. Formation statistics of three- to seven-membered rings as a function of time for T,=2500 K. Averaged over ten simulations (t=5-70.00 ps).

determine the stoichiometry of hydrocarbon species created
in the trajectories (in other words, the C:H composition), we
used cutoff radii of 1.90, 1.70, and 1.50 A for C-C, C-H,
and H-H bond lengths, respectively. These cutoff radii are
the result of extensive numerical tests regarding the long-
term stability of covalent bonds in the present hot, vibra-
tionally excited systems. The continuous line corresponds to
the overall H/C ratio of the system. It is apparent from this
figure that for H/C=0.8 and 0.6, the largest hydrocarbons of
the form C5gH,, and C4oH,(, respectively, are formed at the
end of the simulations, in addition to many hydrocarbon spe-
cies of size ~C;sH;(, while smaller species are also present.
For H/C=0.2, the largest hydrocarbon species corresponds
to C;50H,g, with only a few other smaller hydrocarbons be-
ing present. Thus, we find that at the end of the simulations a
large carbon cluster with small number of hydrogen is
formed, which contains almost all of the atoms present in the
system. On the other hand, for H/C=0.4, big molecular
clusters are distributed over the entire size rage
(~CyH7-CoHyg). This implies that at the H/C ratio of 0.4,
two or three big clusters can form but do not merge to be-
come a single monolithic cluster. This fact implies that the
presence of H slows down the growth processes.

The averages of the number of different size rings
formed during the course of the simulations is displayed in
Figs. 7 and 8 for T,=2500 K and T,,=3000 K, respectively.
These figures exhibit a very interesting dependence of the

ring opening and formation processes on the system H/C
ratio and temperature. The number of six-membered rings
drops very fast (e.g., H/C=0.8, up to ~40 ps) or even more
sharply (e.g., H/C=0.2, up to ~20 ps) as H is removed
from the system, and the number of six-membered rings
present in the system around this stage is only 1 or 2 for
T,=2500 K (see Fig. 7). The ring opening is much more
rapid at T,=3000 K (see Fig. 8). This implies that the ring
opening process and, hence, the creation of polyacetylene-
like structures and/or small hydrocarbon chains is much
faster compared to the ring formation during this stage. For
T,=2500 K, at higher H/C ratio the number of five-, six-,
and seven-membered ring is very small, say, for H/C=0.8
and 0.6 these are 1, 2, and 0, respectively, at ~40 ps. The
number of rings does not increase much at these high H/C
ratios. On continuation of the simulations up to 70 ps, these
numbers become 2, 2, and 0 (for H/C=0.8) and 5, 5, and 1
(H/C=0.6), respectively. Thus, we find that a higher H/C
ratio slows down the ring formation/growth processes. On
the other hand, the corresponding numbers for H/C=0.4 are
2,2,and 0, and 2, 1, and O for H/C=0.2 at ~20 ps (see Fig.
6). However, after 70 ps of simulations, these numbers in-
crease at a fast rate. The numbers of five-, six-, and
seven-membered rings formed at that stage are 6, 11, and 2
(H/C=0.4) and 10, 12, and 2 (H/C=0.2) (see Fig. 7). The
general trend of a much faster reaction and/or ring formation
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FIG. 8. Formation statistics of three- to seven-membered rings as a function of time for T,=3000 K. Averaged over ten simulations (t=5-70.00 ps).

at higher temperature of T,=3000 K is observed clearly
from Fig. 8. Almost all benzene rings had been broken
around 15 ps irrespective of the system’s H/C ratio. No sig-
nificant ring formation occurred even after 70 ps of simula-
tions for H/C=0.8. For H/C=0.6, at the end of the simula-
tions, only one five-membered ring, three six-membered
rings, and one seven-membered ring formed/present. On the
other hand, for lower H/C ratios, significant ring formation
and growth are observed. At the end of the simulations, 3
five-membered rings, 8 six-membered rings, and 1 seven-
membered ring for H/C=0.4 and 6 five-membered rings, 16
six-membered rings, and 7 seven-membered rings for
H/C=0.2 were formed. For H/C=0.2 at both temperatures,
we observe a clear trend toward further ring formation. Be-
sides these small-size rings, in some species larger rings such
as eight-, nine-, and ten-membered rings or even larger mac-
rocycles developed. Continued annealing at high temperature
transform these larger rings into more stable smaller ones,
around the five- or six-membered ring size. Thus, we find
that lower H/C ratios and higher temperature promote ring
formation. One interesting feature revealed from these simu-
lations that the formation of higher-membered rings (macro-
cycle) may occur when sufficiently large polyyne chains are
present in the system.

As an overall trend, we note that in the trajectories with
a given H/C system ratio, larger clusters tend to have only
slightly lower H/C ratios than the system value, while

smaller fragments have correspondingly slightly higher H/C
ratios. Most importantly, as long as hydrogen is present in
the system we do not find a preference in growth toward
maximally conjugated PAHs that have significantly lower
H/C ratios than the overall system’s H/C ratio. The average
curvature values of these structures, formed at 70.06 ps with
H/C=0.2, are significant with ~0.17 A~! but somewhat
lower than the curvature values ~0.20 A~! we obtained dur-
ing self-assembly of giant fullerenes'""** (see Table SI in the
supplemental inforrnation26) from pure C, feedstock without
any hydrogen present. In the presence of hydrogen, some-
what more planar structures seem to be formed preferen-
tially. The reason for this is discussed further below.

We noticed that among several small hydrocarbon spe-
cies, C,, C,H, C,H,, and C,H; are formed frequently (see
Figs. S2 and S3 in the supplemental information”®) and are
always present in the system during the entire simulation
time. Other small species such as C,H,, C;H;, C4, C4H,
C4H,, and C4H, are also formed in a smaller amount, in
dependence on the overall system H/C ratio. Strikingly, and
in agreement with the HACA reaction mechanism, C, and
C,H are the most abundant species for all H/C ratios. At
higher H/C ratios, H/C=0.8 and 0.6, the creation of C,H,
species is very prominent and the number of C,H, decreases
as the H/C ratio decreases. On the average, 12C,H, 10C,H,,
and 3C, are present in the system from 40 ps onward, for
H/C=0.8. This indicates that PAH growth by the addition of
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FIG. 9. Snapshots of PAH formation and growth mechanism with
T,=2500 K (P2500K2_10). Arrows denote region where the mentioned
event is observed. Carbon and hydrogen atoms are represented by black and
gray spheres, respectively. Details are given in text.

C,H- and C,H,-like species at fuel reach condition is more
likely. For H/C=0.2, almost no C,H, species remain from
25 ps onward, although several C,H and C, molecules are
present in the system. We predict therefore that under
strongly oxidizing conditions, the presence of C,H, should
be less likely.

C. PAH formation mechanism from QM/MD simulations

Formation and growth mechanism of a PAH are shown
using selected snapshots from a representative trajectory

T, =2500 K |

%5@}
GO S

xz
x

X

Linear hydrocarbon
(ring opening)

{ H removed/
abstracted

Radical creation Benzene

(H removed/abstracted)

Nucleation and ring condensation

Polyacetylyne-like (n—conjugation)

structures attached
with ring
(Nucleation)

Nucleation and ring condensation
(n—conjugation)

J. Chem. Phys. 132, 224303 (2010)

(P2500K2_10) with H/C=0.2 in Fig. 9. We observe that the
created radical species (either due to thermal decomposition
or due the programed H removal) with ring structure easily
forms polyacetylene-like structures (5.00, 5.40, 8.55, and
10.00 ps). These polyacetylene-like structures may grow fur-
ther by reacting with other polyacetylene-like structures,
radical species, or benzene molecules present in the system
(15.01, 20.02, and 24.08 ps). Usually most of the rings open
to form polyacetylene-like structures, and only very few ring
could survive (20.02 and 24.08 ps). Thus, these
polyacetylene-like structures assemble themselves to form
larger and branched polyacetylene-like structures (24.08 ps).
Therefore, in some cases, an original six-membered ring can
be attached to a polyacetylene-like structure. In the situation
where there is no original six-membered ring, the
polyacetylene-like structures can catch each other to form
new ring five-, six-, or seven-membered rings (24.65 ps).
Once a ring (usually five- or six-membered) is formed, the
further ring condensation proceeds quite fast (24.65, 24.77,
25.02, 26.33, 27.91, 30.05, 30.39, 32.24, and 32.54 ps). The
formation of the first aromatic ring is a crucial event in the
formation process of PAH and soot in flame (see also Ref.
27). The snapshot shown at 32.54 ps consists of two five-
membered rings, five six-membered rings, and one seven-
membered ring and polyacetylyne-like structures attached
with this. These polyacetylene-like structures (may) help fur-
ther ring condensation and growth processes. Thus, a pre-
formed PAH may catch a polyacetylene-like structure at high
temperatures. The abovementioned stages are presented in
Scheme 2 for both temperatures. As shown in Scheme 2, in
the first stage C¢H, (n<<6) radical species are created and
subsequently polyacetylenic chains form. In the next stage,
these linear chains occasionally react to form branched

T, = 3000 K

Polyacetylyne-like structure

CeHy
H H - HOH
(Nucleation)
H . - H
cs"u

H H H removedl ¥
abstracted
H
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(ring opening) H
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SCHEME 2. PAH formation and growth mechanism.
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polyacetylene-like structures, typically initiated by radical
centers present somewhere on the chain of carbon atoms. In
the third stage these branched polyacetylene-like structures
form new five-, six-, and seven-membered or larger rings due
to ring condensation, depending on the availability of the
free valences. In the fourth stage, further ring condensation
growth occurs around this newly formed condensed ring sys-
tem to form pericondensed rings, and the size of the
m-system increases, while sp-type carbon converts to
sp>-type. At higher temperature, we notice a preference for
hexagon creation over pentagons, resulting from annealing
transformations that occur simultaneously with ring conden-
sation.

In previous carbon-only QM/MD simulations starting
from ensembles of C, molecules at 2000 K environmental
temperature,25 we had found instantaneous polyyne chain
formation and chain entanglement initiating sp to sp? trans-
formations. A small pentagon/hexagon/heptagon-containing
sp>-nucleus cluster would grow by rapid ring condensation
of the remaining attached polyyne chains, which, in turn,
grew by the addition of C, units from the outer environment.
If a significant curvature is present in the nucleus for a longer
amount of time, it becomes kinetically stabilized by the to-
pology of the growing carbon network on its outer rim. Such
a basketlike nucleus with polyynes attached resembles an
octopus sitting on a rock with arms stretched out radially,
and we therefore call these important species “octopus on the
rock” structures. In the present PAH simulations, we do not
find such species because the ring condensation growth oc-
curs slower due to the presence of hydrogen along the carbon
chains. The growing clusters therefore show more moderate
curvature as opposed to all-carbon systems.

IV. CONCLUSIONS

MD simulations were performed using DFTB method to
study the PAH formation and growth mechanism during ben-
zene combustion at high temperatures. The oxidation of ben-
zene molecules was modeled by removing 30 randomly se-
lected hydrogen atoms every 5.00 ps until the desired H/C
ratios were reached, and the systems were then allowed to
propagate up to a total simulation time of 70.06 ps. The
effects of H/C ratio by considering H/C=0.8, 0.6, 0.4, and
0.2 and temperatures using T,=2500 K and T,=3000 K on
the formation and growth mechanism were analyzed by re-
cording average C:H compositions, most common elemen-
tary reactions and molecular species, ring count, and other
quantities as a function of time. We found no significant PAH
growth at an H/C ratio of 0.8. At this ratio, only linear small
hydrocarbons were formed at T,=3000 K, although small
PAH with two or three rings are present for T,=2500 K.
Hydrogen is found to have a clear inhibitive effect on PAH
and carbon cluster growth in general, in agreement with re-
cent experimental observations.” Faster growth occurs at
lower H/C ratios. At the end of the simulations, larger PAH
with fused five-/six-/seven-membered rings were formed,
with polyacetylyne-like structures attached. In agreement
with the HACA reaction mechanism, C, and C,H are the
most abundant species for all H/C ratios; however, this is not

J. Chem. Phys. 132, 224303 (2010)

the only route for PAH growth. Other more complex reaction
mechanisms were found to contribute to the growth process.

A significant amount of sp-hybridized polyyne-like car-
bon species remains present up until all hydrogen atoms are
removed. The C:H composition of the growing PAH radical
species from polyacetylene-like open-chain radical species
differs rather little from the H/C ratio of the system, and no
tendency toward formation of maximally condensed PAH
systems was observed. This finding stands in remarkable
contrast to the hypothesis of ordered PAH growth following
thermodynamically most favorable species and emphasizes
the necessity to consider growth mechanisms that involve
open-chain and pentagon-containing intermediate species. It
can be expected that upon continuation of the presented
simulations for longer time with same H/C ratio, the cluster
will not grow significantly since the largest cluster has al-
ready consumed nearly all available carbon atoms. Continu-
ation of the simulations for longer time should also lead to
further ring condensation processes, as evident from the
steep slopes for the number of five- and six-membered rings
as shown in Figs. 7 and 8, specifically for H/C=0.4 and 0.2.
To study the equilibrium composition at a given H/C system
ratio, we are currently performing longer simulations with
more benzene molecules.
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