Cambridge Centre for Computational
Chemical Engineering

University of Cambridge

Department of Chemical Engineering

Preprint ISSN 1473 — 4273

New polycyclic aromatic hydrocarbon (PAH) surface
processes to improve the model prediction of the
composition of combustion-generated PAHs and soot

Abhijeet Raj, Peter Man, Tim Totton, Markus Sander,

Raphael Shirley, Markus Kraft *

released: 30 March 2009

Department of Chemical Engineering and
Biotechnology

University of Cambridge

New Museums Site

Pembroke Street

Cambridge, CB2 3RA

UK

*E-mail: mk306@cam.ac.uk

Preprint No. 69

Key words and phrases: DFT, PAH, soot, aromatic site, kinetic Monte-Carlo, simulation, modelling


mailto:mk306@cam.ac.uk

Edited by

Cambridge Centre for Computational Chemical Engineering
Department of Chemical Engineering

University of Cambridge

Cambridge CB2 3RA

United Kingdom.

Fax: + 44 (0)1223 334796
E-Mail: c4e@cheng.cam.ac.uk
World Wide Web: http://www.cheng.cam.ac.uk/cde/


mailto:c4e@cheng.cam.ac.uk
http://www.cheng.cam.ac.uk/c4e/

Abstract

Two new polycyclic aromatic hydrocarbon (PAH) surface processes are pro-
posed, which can cause dehydrogenation and “rounding” of PAH molecules. The
reaction pathways for both the processes involve decyclisation of a 6-member ring
present on the PAH surface. 1,6-hydrogen migration in the bay region formed by
nearby carbon atoms provides an alternate route for both the processes to proceed.
The energetics and kinetics of the proposed processes are investigated using density
functional theory and transition state theory, respectively. The B3LYP functional
with the 6-311++G(d,p) basis set is employed for the geometry optimisation and vi-
brational frequency analysis of the chemical species and the transition states. The
current PAH growth mechanism is extended by including the new processes. A
detailed PAH growth model, the kinetic Monte Carlo—aromatic site (KMC-ARS)
model [Raj et al., Combust. Flame, 156:896-913, 2009] is used to study PAH growth
with the extended mechanism. Computed ensembles are generated for large PAHs
present in a CoHs flame with 70-320 carbon atoms, and are compared to the ex-
perimentally observed ensembles. The inclusion of the new PAH processes in the
chemical mechanism is found to improve the predicted composition of the large PAH
molecules, especially for the PAHs with 70-200 carbon atoms.
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1 Introduction

Soot particles and polycyclic aromatic hydrocarbons (PAHs) are considered to be the ma-
jor pollutants, generated from combustion devices such as flames and engines [32]. A
number of human diseases such as cancer and asthma are associated with them [4]. In
order to reduce the production of these substances, it is important to gain an insight into
their formation and growth pathways [21]. In the last few decades, several theoretical and
experimental investigations have been conducted in these directions. In [10, 22, 37, 38],
morphological studies were conducted on soot particles by observing their High Reso-
lution Transmission Electron Microscopy (HRTEM) images. These studies revealed that
soot particles exhibit microcrystallinity near the outer edge. This crystallinity arises due
to stacking of planar PAHs to form parallel atomic layers and their alignment along the
periphery of soot particles. The recent experimental findings of Vander Wal et al. [39]
indicate the amorphous nature of soot nuclei due to the presence of randomly oriented
PAHs [39]. It can be concluded from these studies that PAH molecules act as a soot pre-
cursor, and therefore, to study the soot formation process, knowledge about the formation
and growth of PAHs is required.

To facilitate the study of the growth of PAH molecules, a detailed chemical mechanism,
involving a large number of PAH processes, is available in the literature based on the
gaseous species present in abundance in combustion devices such as CoHs and small aro-
matic compounds such as benzene and naphthalene [16, 30, 46, 47]. The rate constants
of the elementary reactions involved in the processes have been derived theoretically
[15, 43, 44]. Recently, a number of models have been proposed to study PAH growth
in flame environments based on the detailed PAH mechanism [16, 30, 40]. The PAH
growth model presented by Violi [40] models large, non-planar PAH sheets in a flame-
like environment. A large set of reactions describe the growth of a PAH molecule, using
a kinetic Monte Carlo (KMC) algorithm. Molecular dynamics (MD) calculations [40]
are used to optimise the PAH geometry. Another PAH model, the kinetic Monte Carlo—
aromatic site (KMC-ARS) model, is proposed in our previous work [30], in which a single
planar PAH molecule is simulated using a kinetic Monte Carlo algorithm. In that work
[30], a detailed study on the variation in PAH characteristics with flame environments was
conducted. It was shown through the KMC simulations that the present reaction mech-
anism predicts, reasonably well, the ensembles of the PAHs observed in different flame
environments [23, 45]. The comparison between the computed and the observed PAH en-
sembles was carried out on C-H diagrams, on which each PAH molecule with a molecule
formula C,Hy is represented as a data point (x, y). In the simulations, some H-rich PAH
molecules are predicted at higher heights above the burner (HABs), than are observed
experimentally. The experimentally observed PAHs at higher HABs mostly contain peri-
condensed rings (H-poor PAHs). Weilmiinster et al. [45] conducted an experimental
study on PAHs present in an aliphatic flame, and suggested that, at higher HABs, the PAH
growth rate decreases due to decrease in the concentration of chemical species like CoHs.
At such points, processes involving PAH rearrangement and ring desorption mainly take
place. These processes cause dehydrogenation and “rounding” of PAHs, and therefore are
required to be included in the PAH growth mechanism.

In the recent past, a comprehensive model for soot formation and growth, named as,



the aromatic site counting — primary particle (ARSC-PP) model [7] has been developed.
This model is based on the assumption that a soot particle is formed from planar PAH
molecules. The growth of PAHs present in soot takes place via a detailed chemical mech-
anism, which is similar to the one used for the KMC-ARS model. The ARSC-PP model
is able to track the size of spherical nanostructures (primary particles) forming chain-like
aggregate structure of soot, and, therefore, is more detailed as compared to the previ-
ously proposed surface-volume soot model [29]. With this model, it is possible to obtain
information about the composition (in terms of the number of C and H atoms) and the
size distributions of soot particles in combustion devices [33, 34], and produce represen-
tative TEM-like images of soot particles [9]. With the current reaction mechanism, the
ARSC-PP model under-predicts the C/H ratio of soot particles [9]. This indicates that the
present mechanism for soot (or PAH) growth requires some dehydrogenation processes to
improve the model predictions of soot composition in combustion devices.

The aim of this paper is to extend the detailed PAH growth mechanism by including two
new PAH rearrangement and ring desorption processes. Two highly competitive routes for
each process have been suggested. A theoretical study has been conducted using density
functional theory (DFT) and transition state theory (TST) to determine the rates for the
elementary reactions involved in the suggested processes. The calculated rate constants
have been corrected to account for the quantum tunnelling effect. The evaluated rate
for the ring decyclisation reaction—a principal reaction in both the proposed pathways has
been compared to the rates for this reaction given in the literature. Furthermore, the KMC-
ARS model has been used along with the extended PAH growth mechanism to study the
effect of the inclusion of the new processes on the composition of computed PAHs in
a CyH, flame. Finally, a sensitivity analysis has been carried out by varying the rate
constants of all the elementary reaction involved in the PAH growth mechanism to study
its effect on the computed results by the KMC-ARS model.

2 Calculation details

The molecular structures of the stable chemical species and transition states involved in
the proposed PAH processes were optimised using the B3LYP hybrid functional and the 6-
3114++G(d,p) basis set. For the stable species, the structures were optimised with different
spin multiplicities to determine the multiplicity with the minimum energy and reasonable
geometry. All the DFT calculations were performed using Gaussian 03 [17].

Before employing B3LYP/6-311++G(d,p) for the theoretical calculations in this work, a
number of experimental validations were carried out by comparing the experimental data
available for carbon-hydrogen systems with the calculated values. The bond dissocia-
tion energy of the C-H bond in benzene was determined using B3LYP/6-311++G(d,p),
and was found to be 110.9 kcal/mol. This value agrees reasonably well with the exper-
imental C-H bond dissociation energies of 113.9, 109.3 and 102.1 kcal/mol provided in
Gribov et al. [19] and refs. therein, and a recent value of 112.9 + 0.5 kcal/mol given
in [26]. The more accurate (and substantially slower) second-order Mgller-Plesset per-
turbation theory, MP2/6-31G(d,p) is shown to predict a BDE of 117.7 kcal/mol in [19].
The PAH processes proposed in this work require an abstraction of an H atom present



on the PAH for initiation. Therefore, the B3LYP functional was used to study the H-
abstraction process on different hydrocarbons, for which experimentally determined re-
action energies and barrier heights were available. For methane H-abstraction reaction
(CHy + H — CHj; + Hs), B3LYP/6-311++G(d,p) predicts the reaction energy and barrier
height to be 0.94 and 9.54 kcal/mol, respectively, which compare reasonably well with the
experimental values of 0.6 and 11.9 kcal/mol [5, 27, 36]. The “gold-standard” coupled-
cluster singles, doubles and perturbative triples, CCSD(T)/AUG-cc-pVQZ predicts the
barrier height for this reaction as 14.9 kcal/mol [48]. A similar calculation was done
for benzene H-abstraction reaction (CgHg + H — CgHs + Hs). The reaction energy and
the barrier height calculated with B3LYP/6-311++G(d,p) were 7.28 and 12.2 kcal/mol, re-
spectively. In [28], these energies were determined by performing single point energy cal-
culations using RCCSD(T)/6-31G(d,p) on the geometries optimised using MP2/6-31G(d),
and were found to be 11.8 and 22.3 kcal/mol, respectively. An experimental investigation
on this reaction reports its reaction energy as 8.95 kcal/mol [5]. It is clear from the above
comparisons and similar comparisons in the literature [24, 28, 35, 36] that the B3LYP
functional under-predicts the reaction barrier heights. This under-prediction can lead to
an overestimation of the reaction rate constants. According to the findings of [46] and
refs. therein, the error in the calculated reaction barrier introduced by density functional
theory (DFT) can be as high as 5 kcal/mol. Figure 1 shows the effect of uncertainty in
reaction barrier height (activation energy) on the rate constant, assuming it to be in the
modified Arrhenius form (equation 1).

E(T)=AXxT" x exp (;{—g) (1)

It is clear from this figure that, for T > 1000 K, the change in the rate constant remains
within an order of magnitude, even when AF = 5 kcal/mol. However, at lower temper-
atures (=300 K), an under-prediction in the barrier height by 5 kcal/mol can over-predict
the rate constant by more than three orders of magnitude. Therefore, a large error in
the reaction barrier is not permissible at low temperatures. A further inaccuracy in the
quantum calculations can arise due to spin contamination in open shell systems. Spin
contamination can significantly affect the energy, geometry and calculated spin density of
the molecules [49]. The expectation value of the spin operator S?, (S?) gives a measure
of the amount of spin contamination introduced by a given level of theory. If there is no
spin contamination, (S?) should be equal to s(s + 1), where s equals half the number of
unpaired electrons. In [3, 35], it is shown by observing (S?) for a number of stable species
and transition states that DFT introduces a negligible amount of spin contamination, and
so does CCSD(T). The values of (S?) for all the chemical species and transition states
involved in the proposed processes are shown later in this paper.

To assure that the inaccuracy in the quantum calculations performed using DFT is not
very high, a higher level of theory such as CCSD(T), which is believed to predict the re-
action barrier very well with negligible amount of spin contamination, can be employed
for such calculations on a given molecular system. However, with the present computing
resources, such a high level calculation can only be done for small molecules in a reason-
able computational time. For large molecules such as PAHs, DFT is considered to be a
standard choice, as it is computationally much cheaper than higher levels of theory. We
hope to address, in future work, the deficiencies such as under-predicted barrier heights
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Figure 1: Effect of change in activation energy on the reaction rate constant. AE repre-
sents the error in evaluated reaction barrier height (activation energy), E. k and
k" are the rate constants with activation energies E and E+AE, respectively.

with B3LYP by considering some recent developments in functionals such as M06 [50]
or rCAM-B3LYP [12] which give improved barrier heights. Since the PAH processes
mainly take place at higher temperatures, DFT can provide a reasonable estimate of the
reaction rate constants with an accuracy within an order of magnitude. Experimental in-
vestigations on the barrier heights of PAH reactions will be very useful to understand the
systematic errors in quantum calculations.

The rate constants for the reactions involved in the proposed processes were evaluated
using transition state theory (TST). The partition functions for the transition state and
reactants were calculated at a range of temperatures (300-3000 K) using the vibrational
frequencies, moments of inertia, mass and electronic multiplicity, all of which are given by
the quantum calculations. A linear least-square fitting algorithm was used to fit the mod-
ified Arrhenius expression (equation 1) to the data points of the rate constants in order to
obtain the rate coefficients A, n and E. It is well known that the transition state theory,
employed for the calculation of rate constants, does not consider the quantum tunnelling
effect. This may lead to an under-estimation of the rate constants for the elementary re-
actions. To assess the role of quantum tunnelling, in the literature, there are four efficient
methods to evaluate the tunnelling correction factor (or, transmission constant): Wigner
correction, Eckwart correction, Zero-curvature tunnelling (ZCT) correction, small curva-
ture tunnelling (SCT) correction. The first two one-dimensional methods are mainly used
for the rates calculated using TST. The curvature tunnelling methods are generally used
for the rates calculated using variational transition state theory (VTST). ZCT and SCT



predict the correction factor very efficiently, especially at low temperatures (T < 500 K).
However, at higher temperatures (T > 500 K), the correction factors determined by all the
methods begin to converge to similar values [6, 18]. In this work, the Wigner method was
employed to obtain the tunnelling correction factors for all the elementary reactions. This
correction factor, Cyy (7') is expressed as:

1 hut 2
CulT) =1 = (k:B_T) ?)

where, h is Planck’s constant, k is Boltzmann constant, and v/* is the imaginary frequency

of the transition state. The rate constants are then evaluated as a product of Cy (7)) and
k(T).

3 Reaction pathways

This section details the elementary reaction steps involved in the two PAH processes pro-
posed in this work. Both the processes require the presence of a 6-member ring adjacent
to a bay site (a combined functional site [30]) to take place. To reduce the computational
expense for quantum calculations, the smallest substrate molecule fulfilling the above re-
quirement, benzo[c]phenanthrene was chosen as the parent molecular structure.

3.1 PAH Process 1

Figure 2 shows the potential energy diagram for the conversion of benzo[c]phenanthrene
to pyrene. The reaction is initiated by the abstraction of an H atom present in the bay
region of CS1. The abstraction process reduces the steric congestion in CS2. This was
evident from the optimised geometries of CS1 and CS2. The 3D geometry of CS1 caused
by the repulsion between the nearby H atoms in the bay region was lost, and CS2 gained a
planar geometry, as observed in [41]. The structural stabilisation of CS2 leads to a lower
reaction energy of 1.09 kcal/mol for this H-abstraction process, as compared to benzene
H-abstraction reaction, which involves a reaction energy of 7.28 kcal/mol (see section 2).
The next step involves the breakage of a 6-member ring near the bay region (decyclisa-
tion reaction). This reaction requires a potential energy barrier of 65.81 kcal/mol to be
overcome. A similar ring-breakage mechanism has been proposed in [16] for the PAH
processes involving conversion of a 6-member ring to a S-member ring, and 6-member
ring desorption. After the decyclisation of a 6-member ring, three possibilities can arise:
(a) desorption of one of the aliphatic chains, (b) recombination of the aliphatic chains to
form a 6-member ring, and (c) formation of cyclopentadienylidenecarbene type structure
(with only one radical) by the two aliphatic chains. The possibilities (a) and (c) form the
basis for the two PAH processes proposed in this work. In process 1, the desorption of a
CsH; molecule can take place via two routes—one involving the mediation of a H atom,
and the other involving direct desorption of CoH,. The H-mediated desorption of CyHs
has been suggested in [16] by simultaneous addition and removal of an H atom and a
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Figure 2: Potential energy diagram showing energies of the chemical species (CS) and
transition states (TS) involved in the conversion of benzo[c|phenanthrene to
pyrene at 0 K. After the formation of CS6, two probable routes are shown here
by solid and broken lines. Similarly, after the formation of CS4', two probable
routes are shown by dotted and broken lines.

C5Hs molecule, respectively, as shown below:

OO W T 3)

For this route, a negative reaction barrier was found. A further analysis of this pathway led
to the conclusion that a stable molecule, CS4 gets formed by the addition of an H atom on
CS3. The reaction CS3 +H — CS4 involves a barrier of 4.6 kcal/mol. The desorption of a
CyHs molecule can then take place from CS4 to form CSS5. Figure 3 shows the structures
of the chemical species and the transition states involved in this route. After the formation
of CSS5, the principal reactions, that take place are H addition, H shift between the C
atoms forming a bay site, bond formation between nearby C atoms, and removal of an H
atom (from CS7 or CS10) to regain aromaticity, as shown in figure 2. The direct removal
of CoHy from CS3 can form CS3’, which requires an energy barrier of 42.1 kcal/mol to
be overcome. Once CS3’ is formed, it can lead to the formation of a pyrene radical by
following the same routes as CS5, as shown in figure 2.
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Figure 3: Structures of the chemical species and transition states involved in the conver-
sion of CS3 — CS5.

3.2 PAH Process 2

Figure 4 shows the potential energies of the chemical species and the transition states
involved in the conversion of benzo[c]phenanthrene to cyclopenta[cd]pyrene relative to
the starting species: CS1 and two H atoms. This process involves dehydrogenation of
a PAH molecule through ring rearrangement. Similar to process 1, it initiates with the
abstraction of an H atom and decyclisation of a 6-member ring. This decyclisation is fol-
lowed by the formation of cyclopentadienylidenecarbene type structure (CS3 — CS11).
For this reaction, a potential energy of only 4.3 kcal/mol is required, which is comparable
to the energy barrier of 4.6 kcal/mol required for the reaction CS3 — CS4. This implies
that both the pathways proposed in this work are highly competitive. After the forma-
tion of CS11, reactions involving C-C bond formation, H-shift and H-removal to regain
aromaticity primarily take place. In [41], a different pathway for process 2 has been pro-
posed, in which the reaction proceeds without the opening of a 6-member ring. This is
detailed in section 5.

Most of the species involved in both the pathways have radical sites on them, and there-
fore, unrestricted DFT calculations were performed on such open-shell systems. To eval-
uate the amount of spin contamination introduced by DFT, (S?) values were found for
all the chemical species and the transition states, and are shown in Table 1. For organic
molecule calculations, the spin contamination is negligible if the value of (S?) differs
from s(s + 1) by less than 10% [49]. It is clear from this table that the amount of spin
contamination introduced by DFT is negligible for our molecular system.
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Figure 4: Potential energy diagram showing energies of the chemical species (CS) and
transition states (TS) involved in the conversion of benzo[c]phenanthrene to
cyclopenta[cd]pyrene at 0 K. Two probable routes are shown here by solid and
broken lines.

As mentioned before, along with the processes proposed in this work, several other surface
processes are present in the literature that can take place on a PAH molecule. A PAH
process takes place on a particular type of functional site present on the PAH surface
[8, 30]. The required type of site can be: a) an elementary site [30] (for example, a
free-edge growth reaction requires a free-edge to take place), or b) a combined site [30]
(for example, processes 1 and 2 require a 6-member ring adjacent to a bay site to take
place). Therefore, the occurrence of a PAH process depends on the availability of the
functional sites of particular types. After each surface reaction, the morphology of the
PAH molecules changes, as a number of functional sites of different types are created and
destroyed, simultaneously. This affects the rates of all the surface processes taking place
[8, 30, 31]. In order to evaluate their rates after each reaction on a PAH, it is necessary
to update the PAH structure after the reaction. Section 4 describes a model, which can
simulate the growth of a PAH molecule and track its evolving structure.

4 Kinetic Monte Carlo—Aromatic Site (KMC-ARS) Model

A detailed PAH growth model, named as the KMC-ARS model, has been successfully
applied to study the growth of a single PAH molecule in our previous studies [8, 30].
This section briefly summarises the main features of the model. The KMC-ARS model
describes a PAH molecule in terms of the number of reactive sites present along its outer
edge. Figure 5 shows an example PAH molecule with different types of sites [30]: free-
edges, zig-zags, armchairs, bays, and five-membered rings.
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Table 1: (S?) for the species involved in pathways 1 and 2 obtained using B3LYP/6-
311++G(d,p) level of theory. For singlet, doublet and triplet states, (S*) should
be 0, 0.75 and 2, respectively. The number in the bracket shows the spin multi-

plicity.
Chemical 9 Chemical 9 Transition 9 Transition 9
species (5% species (5% states (5% states (5%
cs1(1) |0 CS2(2) |0.759 | TS1 (2) 0.762 | TS2 (2) 0.771
CS3(2) |0.764 | CS4(3) | 2.051 | TS3(3) 2.029 | TS4 (3) 2.052
CS5@1) |0 CS6 (2) | 0.761 | TS5 (2) 0.767 | TS6 (2) 0.788
CS7(2) |0.788 | CS8(1) |0 TS7 (2) 0.782 | TS8 (2) 0.762

CS9(2) |0.759 | CS10(2) | 0.786 | TS9O (2) 0.775 | TS10 (2) | 0.772
CS3'(2) | 0.759 | CS4'(3) | 2.014 | TS3' (2) | 0.772 | TS4' (3) 2.019
CS5'(3) | 2.033 | CS6'(2) | 0.761 | TSS (3) 2.034 | TS6' (3) 2.026
CS7'(3) |2.019 | CS&(3) |2.053 | TS7 (3) 2.042 | TS8 (3) 2.041
CS11(2) | 0.767 | CS12(2) | 0.758 | TS9Y' (3) 2.041 | TS11 (2) | 0.777
CS13(2) | 0.767 | CS14(1) | O TS12(2) | 0.764 | TS13(2) | 0.798
CS15(2) | 0.787 TS14 (2) | 0.767 | TS15(2) | 0.796
TS16 (2) | 0.783

Zig-zag (ZZ) Armchair
)~ (AC)

Free-edge V
(FE) T . 5-member

Figure 5: An example PAH showing the principal surface site types.
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This model utilises a kinetic Monte Carlo algorithm along with a detailed chemical mech-
anism to simulate the growth of a PAH molecule. A list containing 17 PAH processes
involved in the chemical mechanism is provided in [30]. This list has been extended in
this work by including 3 more processes as shown in table 2.

Table 2: New PAH reactions along with the jump processes and the process rates obtained
after steady-state analysis [8, 30]. The reaction steps S1-S17 are provided in

[30].
Steps [Ref.] Parent site
S18 6-member ring desorption at bay 6-member ring
(Process 1) next to bay
L@ -8
B e L L UL M e b )
Jump Process: Rate:
OOOO oy q"e k2a (kfl[Hz]flzgilﬁf]lrflzi[zozxgzo]Jrkza) [CbayRG]
S19 6-member ring rearrangement at bay 6-member ring
(Process 2) next to bay
! B¢ o0
oA ~¥ fo—Eo=E
BT R C e T e Ce g te
Jump Process: Rate:
E1a[H]+k24[OH]
k2a (kfl[H2]+11725[H?+I§i24[H20]+k2a) [CbayRG]
S20 6-member ring rearrangement at bay [41] 6-member ring
(Process 3) next to bay
= 0 — AP~
ve
CS16 Cs17 cs14
Jump Process Rate.
k26 (k-,l[Hﬂfzi:i?é?fé‘i[ﬁfﬂgom%) [Cray RO

In [11, 41], process 2 was studied with a different pathway. Their pathway has also been
included in the PAH mechanism, and is listed as process 3 in table 2. The rates of the
elementary reactions involved in the pathway of process 3 were evaluated in [41]. It can
be seen in table 2 and in [30] that the pathways for the surface processes involve several
intermediate species. If all the intermediate species present in the reaction mechanisms
are considered, the simulation of a PAH molecule would become computationally very
expensive. Therefore, those species are assumed to be in steady state [8, 16]. All the

12



processes can then be represented as jump processes (as shown in table 2). A detailed
explanation for this assumption can be found in [8, 30]. The rate (R;) of jump process ¢
after steady state analysis can be represented as:

Ri = kiXCsXNsitm Z:LQI

where, k; is the process rate constant, C; is the concentration of the chemical species
involved in the bimolecular reactions, V. is the number of reactive sites on the PAH
molecule involved in the process, and I is the total number of processes listed in table 2
appended with the process list given in [30]. The rate expressions for the new processes
obtained after a steady state analysis are given in table 2.

The stochastic algorithm developed in [30] to track the structure of PAHs after each reac-
tion step is briefly reviewed here. The PAH growth process is modelled as a Markovian
sequence of reaction events [14]. The outcome of this model depends on the concentra-
tion of chemical species, the rates of the possible process events and the probability of a
reaction to be chosen. A seed molecule is required on which the surface processes can
take place. In this study pyrene was chosen as the seed molecule due to its importance in
soot nucleation [2]. At time ¢, an exponentially distributed waiting time for a process to
take place, 7 with parameter A is calculated, where A is the sum of all the jump process
rates:

t =t + 7 gives the time for the next PAH process. A jump process is chosen based on the
probability calculated using its rate. A site of correct type is chosen uniformly assuming
all sites to be equally probable. The PAH structure is then updated based on the chosen
process and the above procedure is repeated for the desired simulation time.

5 Results and discussion

5.1 Reaction rates

The rate constants of the elementary reactions involved in the new proposed processes are
listed in table 3. It is worth mentioning that the Wigner correction factor varied between
2.5 and 1 in the temperature range of 300-3000 K for all the reactions, and it remained
close to 1 for T > 1000 K. The rate constants for some of the elementary reactions, which
are present in the rate expressions of the jump processes (in table 2), but not studied in
this work, were taken from the literature. These are also provided in table 3.

One of the principal steps in processes 1 and 2 is the decyclisation of a six member ring.
In [13], the rate constant for the decyclisation of phenyl radical was evaluated using the
MINDO/3 parametrisation of SCF-MO theory. Two of the PAH processes proposed in [16]
(6-member ring desorption and conversion of 6-member ring to 5-member ring) involved
decyclisation of a 6-member ring. A rate constant for this reaction is given in their work,

13



but, its origin is not clear. Figure 6 provides the comparison between the rate constants
for the decyclisation reaction from the literature and the rate constant evaluated in this
work. A good agreement between all the rate constants was obtained, especially at high
temperatures. This provides further support to the level of theory used in this work.
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Figure 6: Comparison of the rate constants for decyclisation of a six-member ring. Hol-
low circles: rate constant for the decyclisation of phenyl ring evaluated by
Dewar et al. [13]. Dashed line: rate constant for 6-member ring breakage
reaction used by Frenklach et al. [16]. Solid line: rate constant for the decy-
clisation of 6-member ring adjacent to a bay site evaluated in this work.

Table 3: Elementary reaction rate constants in the form: AT" exp(—E/RT). The units
are kcal, K, mol, cm and sec. p.w. represents the rate constants calculated in
the present work using B3LYP/6-311++G(d,p).

No. | Reaction A n E | Ref.
Process 1

la | CS1+H — CS2+H, 7.81 x 10°7 | 1.772 | 10.33 | p.w.
Ib | CS1+H — CS2+H, 7.25 x 1097 | 1.760 | 9.690 | [41]
-1 | CS2+H; —CS1+H 3.40 x 10° | 0.880 | 7.870 | p.w.
2a | CS2 — CS3 2.30 x 10°° | 1.6031 | 61.85 | p.w.
2b | CS2 — CS3 2.0 x 10t 0.2 42.57 | [13]
2¢ | CS2 — CS3 1.3 x 1011 1.08 70.48 | [16]
3 CS3+H — CS4 1.32 x 1097 | 1.779 | 0.1021 | p.w.
4 CS4 — CS5 + CoH, 2.54 x 10°® | 1.818 | 18.55 | p.w.
5 CS5+H — CS6 3.18 x 10%° | 1.175 4.58 | p.w.
6 CS6 — CS7 1.91 x 10% | 1.138 | 1.629 | p.w.
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No. | Reaction A n E Ref.
7 |1 CS6 — CS9 1.70 x 1010 [ 1.091 | 2.936 | p.w.
8 CS7 — CS8 +H 1.56 x 10%° | 1.204 | 15.31 | p.w.
9 | CS9— CS10 9.57 x 10° | 0.6555 | 2.81 | p.w.
10 | CS10 — CS8+H 1.37 x 10° | 1.511 | 28.26 | p.w.
11 | CS3 — CS3' + CoH, 7.81 x 10° | 1.815 | 3243 | p.w.
12 | CS3' +H — CS4/ 9.86 x 10% | 1.019 | 4.580 | p.w.
13 | CS4’ — CS7 2.77 % 10% | 0.901 | 1.162 | p.w.
14 | CS7" — CS¥ 1.05 x 10™° | 0.593 | 2.81 | p.w.
15 | €S8 — CS6’ + H 1.94 x 1098 | 1.491 | 29.81 | p.w.
16 | CS4’ — CS5 2.68 x 1019 | 0.4287 | 2.032 | p.w.
17 | CS5 — CS6' + H 1.60 x 10° | 1.199 | 15.52 | p.w.

Process 2
18 | CS3 — CS11 1.14 x 10°% | 1.156 | 0.266 | p.w.
19 | CS11 — CS12 6.77 x 10° | 1.065 | 0.1354 | p.w.
20 | CS12 — CS13 2.44 x 10°® | 1.007 | 2.046 | p.w.
21 | CS13 - CS14+H 6.49 x 10°7 | 1.731 | 37.58 | p.w.
22 | CS11 — CS15 4.34 x 10°% | 0.936 | 4.754 | p.w.
23 | CS15 — CS14+H 1.21 x 10°% | 1.542 | 15.77 | p.w.

Other reactions
24 | CS1+ OH — CS2 + H,0 | 2.10 x 1013 4.570 | [15]

24 | CS2+H0 — CS1+ OH | 3.68 x 10°® | 1.139 | 17.10 | [8]
25 | CS2+H — CS1 2.18 x 10% | —6.51 | 11.53 | [15]
26 | CS2 — CS16 (Process 3) | 1.23 x 1019 | 1.410 | 85.20 | [41]

5.2 KMUC simulation

A literature survey was undertaken to gain an insight into the experimental data available
on PAH ensembles in flame environments for the validation of the KMC-ARS model.
PAHs present in a low—pressure CgHg and CoH, flames have been observed experimen-
tally in [1, 23, 45] using Resonance Enhanced Multi-Photon Ionisation (REMPI) and time
of flight—-mass spectrometry (TOF-MS). The experimental details are provided in [1, 21].
The PAHs ensembles, observed experimentally at different HABs are represented on C-H
diagrams. Such C-H diagrams are reported mostly for PAHs with less than 70 C atoms.
In [30, 40], comparisons between the computed and the observed PAH ensembles in the
size range of 6 to 70 C atoms were shown, and a close agreement between the two was
found. For the experimentally observed PAHs larger than 70 C atoms, the information
about their composition in terms of C/H ratio is provided in [45] for a CoHs flame. These
PAHs are present at higher heights above the burner, and their C/H ratios lie close to the
peri-condensed PAHs. However, for such PAHs, no comparison between the observed
and the computed PAH ensembles has been shown in the past.

In [30], the simulated concentration profiles of the chemical species present in a CoHs-O4
flame (C/O =1, cold gas velocity = 42 cm/sec, pressure = 0.0267 atm) are provided. In
this work, those species profiles were used to generate, computationally, a PAH ensemble
consisting of PAHs with the number of C atoms in between 70 and 320 in the CoH; flame
using the KMC-ARS model at HAB = 25 mm. Figure 7 presents a comparison between
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Figure 7: C/H ratio vs C atom count for large PAHs. (a) C/H ratio diagram with the
PAH growth processes listed in [30] (old model); (b) C/H ratio diagram after
adding the PAH processes proposed in this work to the process list of [30] (new
model). The solid black lines in both the sub-figures represent the PAHs with
peri-condensed rings. The dashed lines are the smooth fitted curves through the
simulated data obtained using the locally weighted least squared error method.

the simulated and the observed PAH ensembles, with and without the inclusion of the
proposed PAH processes in the chemical mechanism. The simulation results obtained
using the mechanism without the new PAH processes in it would be referred to as the
results from the “old model”, and those obtained after including the new processes in
the mechanism, as the results from the “new model”. The black solid lines in the sub-
figures represent the positions of peri-condensed PAHs on C-H diagrams [23]. The grey
broken lines in this figure are the smooth fitted curves through the simulated data obtained
using the locally weighted least squared error method. Figure 8 represents the smooth
fitted curves through the computed C/H ratios with and without the new PAH processes
in the mechanism (shown by the black solid line and the broken line, respectively) and
the experimentally observed C/H ratios of the PAHs (shown by black filled circles). The
systematic errors in the simulated C/H ratios (difference between the observed and the
computed C/H ratios) are also shown by corresponding grey lines. It is clear from this
figure that the introduction of new PAH processes has improved the predicted C/H ratio
for the large PAHs. It can be seen in figure 7 that some of the simulated PAHs have C/H
ratio greater than those in peri-condensed structures (all the data points above the solid
black line). This is due to the presence of 5-member rings surrounded by two to four
6-member rings on the PAHs. Some example PAHs of such kind are shown in figure 9.
This figure shows a peri-condensed PAH (Cy4H;2), and two isomers of CoyHyo. The C/H
ratios of the Co H;( isomers are greater than the peri-condensed structure with the same
number of C atoms. Such PAHs with C/H ratio greater than the peri-condensed structures
can also exist if they have alkynyl side chains, which are poor in H atom content such
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Figure 8: Improvement in the model prediction of C/H ratio of large PAHs. The black
circles represents the average C/H ratio of experimentally observed PAHs. The
black solid line and the black broken line represent the average C/H ratios
of computed PAHs with and without including the new PAH processes in the
mechanism, respectively (also shown in figure 7). The corresponding grey lines
represent the systematic errors in the computed C/H ratios.

as CyH chain. However, the reaction mechanism used in this work does not allow the
formation of aliphatic side chains such as CH3 and C;H on PAHs.

For PAHs larger than 200 C atoms, the C/H ratios of the computed PAHs are significantly
under-predicted. There can be three probable reasons behind it—(a) the assumption of
planar or near-planar growth of PAH molecules: If an embedded 5-member ring sur-
rounded by four 6-member rings is present on a PAH, the armchair growth reaction on
it (figure 10), which can further dehydrogenate the PAHs, is not allowed in the simula-
tion. This is because, the resulting PAH molecule would acquire a 3D geometry, and
molecular dynamics would be required to determine the resulting structure, which can
significantly increase the computational time. In [42], the variation in simulated C/H ra-
tio of PAHs with PAH mass and residence time in a flame was obtained by studying the
3-dimensional growth of PAHs using kinetic Monte Carlo (KMC) and molecular dynam-
ics (MD) methodologies. With no assumptions on the PAH structure and with a simi-
lar chemical mechanism used in [30], C/H ratio of 5 is predicted for PAHs with around
320 C atoms. This value is the same as the average predicted C/H ratio for such PAHs
with the old mechanism, as shown in figure 7a. Therefore, the structural assumption in
our simplified and computationally inexpensive PAH growth model may not explain the
under-predicted C/H ratio. (b) the uncertainties in the rate constants: The use of incorrect
process rate constants can completely change the growth pathways of PAHs, leading to
the formation of H-rich PAHs. However, the uncertainties in the theoretically calculated
rate constants are not known, and therefore, its effect on the computed PAH composition
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Figure 9: Example PAHs with the same number of C atoms. (a) represents a peri-
condensed PAH. (b) and (c) represent PAHs with C/H ratio greater than the
peri-condensed structure with the same number of C atoms.

W

Figure 10: Armchair growth reaction on an embedded 5-member ring surrounded by four
6-member rings.

18



10" /

10°

Reaction count

— o™ [y} L [{=}
w v v » ®»
PAH

proce

% s18
s1
S2

A

Figure 11: Reaction counts for some of the principal PAH processes listed in [30] and
table 2 (S1: Free-edge growth; S2: Armchair growth; S3: R6 desorption;
S5: RS addition; S6: RS desorption; S18-S20: see table 2). The bars in
black colour represent the reaction counts, when the PAH reaction rates are
not perturbed. The bars in grey colour represent the reaction counts, when
the rate constants of the reactions involved in S18 and S19 are reduced by a
factor of 10.

is difficult to determine. A further analysis on this possibility is provided later in this
paper. (c) the requirement of more rearrangement processes to dehydrogenate the large
PAHs: The introduction of new PAH processes in the chemical mechanism similar to the
ones proposed in this work can cause further dehydrogenation of larger PAHs. It is worth
mentioning that PAHs with more than 200 C atoms are not present in high concentrations
in the premixed laminar aliphatic flames [20].

As mentioned previously, for process 2, a pathway different from the one proposed in this
work, 1s suggested in [11, 42] (see process 3 in table 2). It was possible to determine the
number of times, processes 2 and 3 took place on the PAH molecules in the simulation.
Figure 11 shows a comparison of the number of process events that occurred on the PAHs
in the environment of CyHy flame in 500 simulation runs. It is clear from this figure
that the pathway proposed in this work for the conversion of benzo[c]phenanthrene to cy-
clopenta[cd]pyrene is highly competitive with the one proposed in [11, 42]. All the three
processes (S17-S19) take place at higher temperatures (T > 1200 K) in the simulations.

As shown in figure 1, an under-predicted barrier height by DFT calculations can lead to an
over-estimation of the rate constants by an order of magnitude (at higher temperatures).
Therefore, firstly a preliminary “order of magnitude analysis” was conducted on the two
proposed processes (S18 and S19) by reducing their rate constants evaluated in this work
by a factor of 10, and then analysing its effect on the KMC simulation results. It can
be seen in figure 11 that this reduction in rate constant significantly reduced the number
of times, those processes took place on PAH molecules. In this test, the effect of rate-
reduction on the counts of processes S18 and S19 is more pronounced due to the presence
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of a competing process, S20, occurring on the same reactive site type, which is required
by S18 and S19 to take place. The higher process rate of S20 (as compared to the reduced
rates of S18 and S19) diminishes the probability of S18 and S19 to take place on a PAH,
when all the three processes are competing for the same reactive site.

5.3 Sensitivity analysis

It is clear from the above analysis that the occurrence of a PAH process gets affected
significantly with the variation in the rate constants of elementary reactions. Therefore,
a detailed sensitivity analysis was carried out to study the effect of perturbations in the
reaction rate constants on the computed C/H ratio. For all the elementary reactions present
in the new model, the rate constants k;’s were varied within an order of magnitude by
multiplying “perturbing factors” f;’s ranging between 0.1 and 10 to get the perturbed rate
constants k.’s:
ki=fixk,1<i<n

where n is the number of elementary reactions in the PAH growth mechanism. The per-
turbing factors f;’s were generated using logarithmically distributed random numbers be-
tween 0.1 and 10, as explained ahead. Firstly, uniformly distributed random numbers R;’s
between -1 and 1 were generated. Thereafter, the perturbing factors were calculated as:

fi — 1ORZ

The purpose of generating logarithmically distributed random numbers was to achieve
their uniform distribution on a log-scale in the range 0.1—10.

The perturbed rate constants were then used to evaluate the process rates in the simulation.
200 sets of perturbing factors were generated. For each set of factors, an ensemble of 200
PAH molecules was computed. The grey shaded area in figure 12 shows the range in
which the average C/H ratios of the computed PAHs would lie, if the rates of the reactions
present in the mechanism appended with the proposed processes (new model) are varied
within an order of magnitude. All the experimental data points are present well within
the shaded area. It is clear that the predicted C/H ratios can be significantly affected by
varying the PAH reaction rates. A similar sensitivity analysis was carried out with the old
model [30] (without the new PAH processes). In order to compare the results computed
from the old and the new model, the mean values of the C/H ratios were evaluated, as
shown by black and grey thin solid lines, respectively, in figure 12 (see the figure inset).
Note that, to evaluate the mean, all the data points (C/H ratios) obtained for different sets
of perturbing factors were used in both the cases. The standard errors on the calculated
means are shown by corresponding broken lines. Clearly, the mean of the C/H ratios of
the PAHs computed with the new model is closer to the experimental data than the one
computed with the old model. It is worth mentioning that for all the sets of perturbing
factors, the C/H ratios predicted by the new model were greater than the old model due to
the presence of dehydrogenation reactions proposed in this work.
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Figure 12: Sensitivity analysis. The grey shaded area represents the range in which the
average simulated C/H ratios would lie, if all the reaction rates present in
the mechanism appended with the proposed processes (new model) are varied
within an order of magnitude. The black circles represent the experimental
data points. Solid thin black line: mean over all the simulated C/H ratios ob-
tained using the new model (mean over the shaded area). Dashed black lines:
mean =+ standard error. Solid thin grey line: mean over all the simulated C/H
ratios obtained with the above mentioned variation in the rates of the reac-
tions present in the old model [30] (without the proposed processes). Dashed
grey lines: mean =+ standard error.
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5.3.1 Hypothesis test

In order to statistically check that no unwarranted claims have been made about the size
of the difference between the two models, a hypothesis test was performed for each even
numbered C atom count between 70 and 320. There are two ‘populations’ of C/H ratio
values: Xi,..., X, and Y7,...,Y, being the random variables corresponding to the PAH
molecules resulting from the old and the new models respectively. A non-parametric test
called the Wilcoxon (two-sample) Sum Rank test [25] was employed (it turns out that this
test is equivalent to the Mann-Whitney U test). This has the following hypotheses:

Hy: Fx(2) = Fy(2) Hy: Fx(z) > Fy(2) 4)

where F'x is the cumulative distribution function of X (X is the PAH population from
the old model). The alternative hypothesis f{; has the interpretation that Y has heavier
tails to the right than X and thus Y tends to have larger values. Note that the form
of the Wilcoxon Sum Rank test used is one which takes into account repeated values in
X1, X, ..., X, Y1,Y,, ... Y, Itis found that we reject the null hypothesis for 120 out of
126 carbon atom counts at the 1% significance level, whilst we reject the null hypothesis
for all carbon atom counts at the 5% significance level.

These tests indicate that, regardless of the given uncertainties in the rate constants of all
the PAH reactions, the inclusion of new PAH processes in the mechanism always improves
the computed C/H ratios.

Additionally, the shaded area in figure 12 suggests that the predicted C/H ratios may
improve if the rate constants for all the reactions are precisely measured (or calculated
with a high level of DFT theory), and used in the simulation. Such quantum calculations
on all the PAH reactions are beyond the scope of this paper.

6 Conclusion

This paper proposes two new PAH surface processes, which can lead to PAH dehydro-
genation through ring decyclisation, followed by desorption of an alkyl chain, or rear-
rangement of the alkyl chains to form a 5-member ring. A new sequence of reactions for
the H-mediated desorption of CyH, has been suggested. Two probable routes for each
process have been provided—one based on the migration of a hydrogen atom in the bay
region, and the other involving bond formation between nearby C atoms in a bay region.
The B3LYP functional with the 6-311++G(d,p) basis set has been used for the quantum
mechanical calculations on the chemical species and the transition states involved in the
pathways. The rate constants for all the elementary reactions were calculated using tran-
sition state theory (TST), and were corrected to account for quantum tunnelling using the
Wigner correction method. Both the processes are highly competitive with each other. A
kinetic Monte Carlo simulation of the previously proposed PAH growth model (the KMC-
ARS model) in a CoHs flame environment was carried out by including the new processes
in the PAH growth mechanism. The proposed PAH processes improve the model predic-
tion of the C/H ratio for large PAHs, especially, the PAHs with 70 to 200 carbon atoms.
These PAH processes are required to be incorporated in the chemical mechanism of the
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aromatic-site soot model [8] to improve the model predictions of the composition of soot
particles in flames and engines. Furthermore, to assess the effect of inaccuracy in reac-
tion rate constants (introduced by DFT) on KMC simulation results, a detailed sensitivity
analysis has been conducted by varying the rate constants of all the reactions present in
the PAH growth mechanism within an order of magnitude. A significant variation in the
average C/H ratios of the computed PAHs was observed with the change in reaction rate
constants.
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