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Hydrogen abstraction/addition reactions in soot
surface growth†

Qingzhao Chu, ab Baolu Shi, b Hongyu Wang, a Dongping Chen*a and
Lijuan Liao*c

The hydrogen abstraction (HB) and addition reactions (HD) by H radicals are examined on a series of

polycyclic aromatic hydrocarbon (PAH) monomers and models of quasi-surfaces using quasi-classical

trajectory (QCT) method. QCT results reproduce the rate constants of HB reactions on PAH monomers

from density functional theory (DFT) in the range of 1500–2700 K. The PAH size has a minor impact on

the rates of HB reactions, especially at temperatures beyond 2100 K. In contrast, HD reactions have

a clear size dependence, and a larger PAH yields a higher rate. It was also found that the preferred

reaction pathway changes from HB to HD reactions at B1900 K. The rates of surface HB and HD

reactions exceed those in the gas phase by nearly one factor of magnitude. Further analysis of the

detailed trajectory of the QCT method reveals that about 50% of surface reactions can be attributed to

the events of surface diffusion, which depends on the local energy transfer in gas-surface interactions.

However, this phenomenon is not preferred in PAH monomers, as expected. Our finding here questions

the treatment of the surface reactions of soot as the product of the first collision between the gaseous

species and particle surface. The surface diffusion-induced reactions should be accounted for in the

rates of the surface HB and HD reactions. The rate constants of HB and HD reactions on each reactive

site (surface zig-zag, surface free-edge and pocket free-edge sites) were calculated by QCT method,

and are recommended for the further development of surface chemistry models in soot formation.

1. Introduction

Soot particles have attracted intensive public attention due
to their hazardous effects on the environment and human
health.1 Soot formation involves the chemistry of precursors,
particle nucleation and mass/size growth.2 The surface reactions
of soot play an important role in its mass growth, involving
interactions between gaseous species and active sites on particle
surface. Thus, the influence of the surface structure on its
reactivity is critical to infer the mass growth of soot.

Polycyclic aromatic hydrocarbons (PAHs) are accepted as the
precursors of soot and also as its main building block.3,4 Many
experimental investigations and chemical kinetic model studies
have been performed on PAHs to understand the mechanism in
soot surface reactions.5,6 Since the calculations of reactions
involving large aromatic molecules are quite time-consuming,

it is well established to infer the reaction pathways and rate
constants of large hydrocarbons using smaller species via the
rate-rule assumption. Transition state theory (TST) is one of the
most common methods for estimating rate constants. A series
of studies using the TST approach have been conducted to
examine the effect of the PAH size on the reactivity. Hou et al.7

computed the energetics of hydrogen abstraction from benzene
and naphthalene using the method of density functional theory
(DFT), and they found that M06-2X/6-311G(d,p) has the best
performance with errors within 1 kcal mol�1 compared to the
CCSD(T)/CBS calculations. It was also revealed that the effects of
PAH sizes, structures, and reaction sites on the rate constants of
hydrogen abstraction reactions are limited from benzene to
pentacene due to the similar energy barriers. Liu et al.8 reported
that the hydrogen-abstraction/acetylene-addition (HACA) reactions
are sensitive to the site type. According to the local structure,
reactive sites are divided into three types, i.e., free-edge, zig-zag and
armchair site. Among all three site types, the free-edge site is the
most reactive one. For hydrogen abstraction reactions, it was
found that the difference in the energy barrier over all site types
is less than 1 kcal mol�1, and the obvious deviation (e.g., B41%) in
rate constants is attributed to the effect of orientation hindrance,
where the reactive site is hindered by the local geometry.
Semenikhin and coworkers performed a systematic study on

a State Key Lab of Explosion Science and Technology, Beijing Institute of

Technology, Beijing, 100081, China. E-mail: dc516@bit.edu.cn
b School of Aerospace Engineering, Beijing Institute of Technology, Beijing, 100081,

China
c Key Laboratory for Mechanics in Fluid Solid Coupling Systems, Institute of

Mechanics, Chinese Academy of Sciences, Beijing, 100190, China.

E-mail: liaohuanxin@hotmail.com

† Electronic supplementary information (ESI) available. See DOI: 10.1039/d0cp06406h

Received 11th December 2020,
Accepted 28th December 2020

DOI: 10.1039/d0cp06406h

rsc.li/pccp

PCCP

PAPER

Pu
bl

is
he

d 
on

 2
9 

D
ec

em
be

r 
20

20
. D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ity
 o

f 
C

al
if

or
ni

a 
- 

Sa
nt

a 
B

ar
ba

ra
 o

n 
5/

16
/2

02
1 

7:
20

:5
2 

A
M

. 

View Article Online
View Journal  | View Issue

http://orcid.org/0000-0002-2090-1864
http://orcid.org/0000-0002-8638-4679
http://orcid.org/0000-0002-0762-5623
http://crossmark.crossref.org/dialog/?doi=10.1039/d0cp06406h&domain=pdf&date_stamp=2021-01-24
http://rsc.li/pccp
https://doi.org/10.1039/d0cp06406h
https://pubs.rsc.org/en/journals/journal/CP
https://pubs.rsc.org/en/journals/journal/CP?issueid=CP023004


3072 | Phys. Chem. Chem. Phys., 2021, 23, 3071--3086 This journal is©the Owner Societies 2021

H abstraction from benzo(a)pyrene and chrysene molecules
using B3LYP/6-31G(d) and G3 theories. They found that
zig-zag sites appear to be more reactive than armchair sites
(37–42%).9 They further applied these rate constants to model
the surface oxidation, and successfully reproduced the experi-
mental results of the shock-initiated oxidation of soot.10 As
discussed above, TST method can predict accurate rate constants
for the PAH molecules up to pentacene, but this method becomes
too expensive for large PAHs and soot particles.

The surface HACA model developed by Frenklach and
coworkers11 has been widely applied to address the mass growth
due to surface reactions. In this model, the rate of the surface
reaction (Rs) is determined by Rs = awiAsRg, where a is an
empirical parameter accounting for the probability of a gaseous
molecule colliding with the reactive sites on particle surface, wi

is the number density of the reactive site i, As is the particle
surface area, and Rg is the reaction rate of an analogous gas-
phase reaction. The Rg was adapted from the hydrogen abstrac-
tion on benzene according to the rate-rule assumption, and the
activation energy barrier was lowered by 3 kcal mol�1 based on
the assumption that the reactive C–H sites are located at the
aromatic bay.12 Although the reduced activation energy barrier
was recently confirmed from high-level quantum calculations,9

this approximation might not be applicable for all situations.
Therefore, an alternative method is required to examine the site
effect and quantify the surface reaction rates. However, the available
experimental methods are not able to extract the surface reactivity of
soot at the atomic level. Recently, molecular dynamics (MD)
simulations have become popular in the research of soot formation,
for instance, soot particle inception13,14 and the morphology
evolution15 of soot particles. Chen et al.16 successfully built micro-
scopic structures of PAH clusters to mimic soot particles, and
managed to estimate the surface properties, including the surface
area, number density of reactive sites and parameter a. They also
found that the surface shallow regions (e.g., pockets) are frequently
formed owing to the surface rearrangement of PAH molecules.17

It was speculated that the reactivity of the reactive site in the
pocket region is different from its counterpart; however, this
has not been further investigated in detail.

Besides the TST and MD methods, the quasi-classical trajectory
(QCT) is an alternative method using classical mechanics to
describe the collision between a target molecule and a collision
partner,18 and is widely applied to extract the rate constants of
bimolecular reactions in the gas phase.19–21 Compared to the TST
method, the QCT method examines the detailed characteristics of
collision and energy transfer with a higher computing cost. Song
et al. applied the QCT method to study the dynamics of the H atom
colliding with the diamond {111} surface. They observed a
phenomenon termed the ‘‘mobile transition state’’, where an
incident species bounces around the surface sites before forming
a covalent bond.22 Fu et al.23 reported a high-level computational
study of roaming dynamics in the bimolecular combustion
reaction, H + C2H4 = H2 + C2H3. It was learnt that the binary
collision can lead to ‘‘collision-induced’’ roaming, i.e., the incident
H radical roams over the C2H4 molecule before a hydrogen
abstraction reaction occurs. This unique behavior is an important

contributor in the overall reaction rate, but it cannot be accessed
by any conventional minimum-energy path (e.g., TST approach). In
the study of the soot surface reactions, Frenklach and Mebel
recently proposed a mechanism of rotationally-induced formation
of E-bridges to interpret the nucleation in soot growth,24,25 while
no direct work is available in the soot surface reaction, and this
motivates us to explore the collision dynamics of the surface
hydrogen abstraction and addition reactions using QCT method.

In this paper, potential collisions between the incident
species and soot surface were explored using the QCT method
to reveal the detailed dynamics of surface reactions in soot
formation. First, molecular structures are analyzed to obtain
the solvent-excluded surface (SES) area and percentages of the
surface hydrogen. The detailed collision dynamics are then
extracted from the quasi-classical trajectories to analyze the
collision cross sections and reaction rate constants. Furthermore,
the local properties of each site, including the per-site SES area,
available incident angle, and local van der Waals potential energy
surface, are discussed to illustrate the site effects on the collision
dynamics. The detailed dynamics of the surface reactions are
examined to identify the impact of gas-surface scattering. Finally,
the rate constants of the hydrogen abstraction and addition
reactions on each site are recommended for soot surface models.

2. Computational methods
2.1 Quasi-classical trajectory

Two representative models are selected in this work to reveal
the collision dynamics of hydrogen atoms with polycyclic
aromatic hydrocarbons. We first consider the PAH monomers
of benzene (A1), coronene (A7), and circumcoronene (A19) to
mimic the interactions between the H atoms in gaseous reactions.
Two quasi-surface configurations are further constructed using
both A7 and A19, termed as A7s and A19s. The selection of the
PAH size is based on the recent studies of mass spectra26 and high-
resolution atomic force microscopy27 in sooting flames, indicating
that soot particles are composed of PAHs with a mass ranging
from 100 to 700 amu.

QCT calculations were performed using the above two
models to compare the dynamics of hydrogen abstraction/
addition reactions on PAH monomers (Fig. 1a) and the soot
surface (Fig. 1b). As shown in Fig. 1a, a PAH monomer was
placed in the box center. The initial orientation and vibrational
energy of the PAH monomers were randomly sampled from the
equilibrium configuration at the corresponding temperature.
The initial distance between the H atom and the center of mass

(COM) of the PAH monomers is defined as d ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x2 þ b2
p

; where
x is set to 35 Å and b = x1/2bmax is the impact parameter.28 x is a
random number that follows a uniform distribution in (0,1),
and bmax is the maximum impact factor in the sampling
process, which is 6 Å, 8.5 Å and 10.5 Å for A1, A7 and A19,
respectively. The initial velocity of H atoms in the x direction
was sampled from the Maxwell–Boltzmann distribution at the
sampled temperature, while the velocity components in both y
and z directions were set to 0.
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The second model represents the quasi-surface of soot
particles. As shown in the left panel of Fig. 1b, the quasi-
surface is composed of A7 or A19 monomers, and the minimum
unit contains two columns of PAH stacks, which is built from
five monomers. Periodic boundary conditions were applied to
both x- and y-directions. In the current configurations, the
surface hydrogen atoms are exposed to the gas species from
the z-direction without carbon-rich regions. This is consistent
with the geometry of nascent soot particles.29,30 To guarantee
the initial configurations sitting at the potential minimum (see
Fig. S1 in the ESI†), parameter d was set as 3.3 Å for A7s and
A19s, and the values h of A7s and A19s were 10.2 and 15.1 Å,
respectively (Fig. 1b). A bottom restraint was added to the lowest
(in z-direction) layer of atoms to avoid the surface evaporation at
high temperatures and improve the sample efficiency. The bottom
restraint is a common method in the studies of the metal surface
reactions.31,32 Prior to production simulations, the potential
impact of the bottom restraint was carefully examined in Fig. S2
(ESI†). The bottom restraint causes negligible impacts on the
reaction probabilities and kinetic energy transfer.

The initial setup of the QCT simulations using the quasi-
surfaces (Fig. 1b) is different from that of the PAH monomers.
An H atom was placed 20 Å above the surface, and the x- and
y-positions were both randomly sampled. The initial x-, y- and
z-velocity components of the H atom were randomly assigned
from a Gaussian distribution. However, the speed distribution
followed the Maxwell–Boltzmann distribution at the sampled
temperature. These randomly sampled x-, y-, z-components of
the incident velocity ensure that the incident angle covers the
range of 01 to 1801. In addition, the surface temperature was
consistent with the sampled temperature.

A temperature range of 1500–2700 K was selected to cover
the flame conditions.33 In this work, the temperature controls

two main parameters, i.e., the relative velocity of the incident H
atom and the vibrational energies of the PAH monomers and
quasi-surfaces. The Nose–Hoover thermostat was applied for
the system equilibration (i.e., 10 ps), and the NVE ensemble was
used for further QCT simulations. At each temperature, the
total number of trajectories was 6000 and 3000 for each
PAH monomer and quasi-surface, respectively. The selected
numbers of trajectories were statistically sound to sample the
reactivity of these configurations (Fig. S3, ESI†). In total,
168 000 QCT simulations were conducted to reveal the reaction
kinetics on the PAH monomers and quasi-surfaces. All of the
trajectories were integrated using a time step of 0.2 fs for a
maximum time of 10 ps, and the system energy is conserved (Fig. S4,
ESI†). If the COM distance of two fragments exceeds 40 Å, the
trajectory is truncated to avoid unnecessary calculations. All of the
MD simulations are carried out using a LAMMPS simulator.34

The collision cross section between the H atom and PAH
monomers can be written as:

smono,H = pbmac
2 (1)

The collision cross section between the H atom and quasi-
surface (ssurf,H) is calculated by the geometric area of the quasi-
surface, which are 358.05 Å2 and 514.91 Å2 for A7s and A19s,
respectively. The reaction probability is defined as:

Pr ¼
Nr

Ntotal
; (2)

where Nr and Ntotal are the number of reactions and total
trajectories, respectively. The rate constant at the temperature
T is then calculated by:

k(T) = hvrisPr (3)

Fig. 1 The initial configurations of the quasi-classic trajectories for the (a) PAH monomers and (b) PAH quasi-surfaces. Periodic boundary conditions are
applied to the x- and y-directions of the PAH quasi-surface, and ghost molecules are represented by a red color (top view in the left panel of (b)). fMB(T)
and funi represent the sampling from the Maxwell–Boltzmann distribution and uniform distribution, respectively. d and h refer to the layer separation and
distance between the PAH stacks of the minimum unit in the models of the quasi-surfaces.
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with the mean collision velocity:

vrh i ¼
8kBT

pm

� �1
2
; (4)

where kB is the Boltzmann constant and m is the reduced mass
of reactants. The fraction of the reaction on a reactive site i is
defined as the ratio of the reaction events on site i (Nr,i) to the
total reaction events (Nr) at a temperature T,

fi Tð Þ ¼
Nr;i

Nr
: (5)

We can further define the per-site rate constant of site i as:

ki(T) = fi(T)k(T). (6)

It should be noted that the QCT method is based on a binary
collision assumption, where the incident H atom does not
interact with other species during the sampling time (t = 10 ps).
At a high pressure, the binary collision assumption might fail, and
the interactions between the incident species should be consid-
ered. The critical pressure can be estimated by the sampling time
and the area of the reactive site. A detailed discussion can be found
in the ESI.† For current systems at 2000 K, the QCT sampling
method is applicable for pressures lower than 23.1 atm.

2.2 Force field validation

The potential energy surface of the PAH systems was explored
using reactive molecular dynamics. We selected the ReaxFF
force field to describe the interactions between the carbon and
hydrogen atoms, and the parameters were taken from Mao
et al.,13,35 which has been widely used to describe the nucleation
and growth of the incipient soot particles. The ReaxFF para-
meters have been validated by the binding energy of the PAH
dimers against the M06-2X/def2SVP level of theory.36 To further
examine the accuracy of the ReaxFF force field on the collision
dynamics between PAH and H atom, the intermolecular potential
energy for benzene and H atom were calculated by the ReaxFF
force field and a DFT method, that is, B3LYP-D3/6-311++G(d,p).
Several data points from the calculations of CCSD(T)/cc-pVTZ are
also added for reference. In Fig. 2, the energy curves are presented
for four orientations. It was found that the results of the ReaxFF
force field are in good agreement with those using the B3LYP-D3/
6-311++G(d,p) method. Compared with the CCSD(T)/cc-pVTZ
method, both ReaxFF and B3LYP-D3/6-311++G(d,p) methods
overestimate the potential well depth by B0.43 kcal mol�1 at
the maximum. An unexpected fluctuation of around 3.3 Å exists in
the prediction of the ReaxFF force field in Fig. 2d. This indicates a
potential issue in the original parameterization of the ReaxFF
force field, but the fluctuation is less than 0.2 kcal mol�1 and does
not influence the collision dynamics of the H atom with PAHs in
this study. Besides the intermolecular potential energies, the
reaction energy barrier of the hydrogen abstraction from benzene
was also studied in Fig. S5 (ESI†). DFT calculations at the M06-2X/
6-311G(d,p) and B3LYP/6-31G(d) level of theory are compared with
that using the ReaxFF force field. There is good agreement
between the ReaxFF force field and M06-2X/6-311G(d,p) results,

and the error for the reaction energy barrier is less than 1 kcal mol�1.
More importantly, the ReaxFF force field is B150 000 times faster
than the DFT method at the M06-2X/def2SVP level of theory,36 which
enables the simulations of the quasi-surface models.

2.3 Post-process methods

A solvent-excluded surface (SES) was used to evaluate the sur-
face properties of the PAH monomers and quasi-surfaces. This
approach has been applied to investigate the surface reactivity
of soot.16,17 The SES area was calculated by the MSMS 6.2.1
program37 using a ‘‘rolling ball’’ algorithm. The radii of the
carbon and hydrogen atoms were taken from their van der
Waals radii as 1.7 Å and 1.2 Å, respectively.38 The probe size was
taken from the radius of the hydrogen atom. For each case,
200 equilibrium structures were sampled from trajectories over
10 ps at a specific temperature to calculate the mean and
standard deviation values of the SES area. In addition, the
MSMS program has been updated to adapt periodic boundary
conditions for the quasi-surface cases.

The collisions between atoms were determined by the van de
Waals radii. The incident H atom can react with both C and H
atoms on target configurations. A homemade code was developed
to recognize the bond formation by the atomic distance and
duration. If the distance of two atoms, i.e., r, is shorter than the
critical value rcrit and the duration exceeds tcrit, these two atoms are
considered as ‘‘bonded’’. A detailed analysis has been performed
to examine the effects of rcrit and tcrit on the predicted bonded
information (Fig. S6, ESI†). As a result, rcrit and tcrit are 1.2 Å and
0.2 ps for the C–H bonds, respectively. In contrast, we selected
rcrit = 1.0 Å and tcrit = 0.2 ps for the H–H bonds. The selected rcrit

values of the C–H and H–H bonds are comparable to their bond
length in typical molecules. The bond length of the C–H bond in
C6H6 is 1.083 Å (calculated at the CCSD(T)/cc-pVTZ level of
theory),39 and the bond length of the H–H bond in H2 is
0.743 Å. Considering the bond vibrations at high temperatures,
rcrit is longer than the bond length, as expected. The bootstrapping
resampling method40 was used to extract error bars in our

Fig. 2 Intermolecular energy curves of a benzene with an H atom
calculated from the methods of the ReaxFF force field, B3LYP-D3/6-
311++G(d,p) and CCSD(T)/cc-pVTZ.
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calculations. The sample size and the number of repeats were
adapted as 3000 and 20, respectively (Fig. S7, ESI†).

3. Results and discussion
3.1 Molecule structures

Table 1 lists the surface properties of the PAH monomers and
quasi-surfaces at 1500 and 2700 K. The percentage of the
surface hydrogen is defined as aH = AH/Atotal, where AH and
Atotal are the SES area of the hydrogen atom and all surface
sites, respectively. The aH also refers to the probability of a
successful collision on the surface H atoms. It should be noted
that both ASES and aH present weak dependence on the tem-
perature, for example, the ASES of A19s increases by only B2%
when changing temperature from 1500 to 2700 K. At 1500 K, A1
yields the largest aH as 0.49, while the aH of A19 is only 0.29.
This change can be attributed to the increase in the C/H ratio
from A1 to A19. As shown in Fig. 1b, the current configurations
of the quasi-surface models represent a hydrogen-rich surface
as the surface H atoms point outward, resulting in a large aH as
B0.80 at 1500 K, and the difference between A7s and A19s is
minor, i.e., 0.02–0.03. The equivalent collision radius Rc,SES of PAH
monomers can be calculated from the SES area assuming spherical

molecules, Rc;SES ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ASES=ð4pÞ

p
þ RH; where RH is the van der

Waals radius of the hydrogen atom as 1.2 Å. The geometrical radius

Rgeo is extracted from the optimized structure at the M06-2X/6-
311G(d,p) level of theory. The Rc,geo is calculated as:

Rc,geo = dH,COM + RH, (7)

where dH,COM represents the distance between the farthest H
atom in a PAH to the COM. As Table 1 shows, Rc,geo values are
always higher than Rc,SES. Increasing the PAH size, the discrepancy
between Rc,geo and Rc,SES increases from B0.78 to 2.12 Å.

3.2 Collision dynamics

PAH molecules are usually planar species,27 and the collision
between the PAH molecule and gaseous species depends on the
relative orientation and velocity. We first examine the effect of
orientation. Fig. 3a shows that the impact factor reaches the
maximum value (bmax) when the relative velocity is perpendicular to
the plane of the PAH molecules. When the relative velocity is
parallel to the plane, the impact factor decreases to its minimum
value. The collision status of all A1 trajectories is plotted in Fig. 3b.
All 7 temperature cases from 1500 to 2700 K, i.e., 42 000 trajectories,
are included, and the collision status is tagged as ‘‘Collide’’ and
‘‘Miss’’. Clearly, all incident H atoms collide on PAHs when b o 3 Å,
and the proportion of the ‘‘Collide’’ trajectories gradually decreases
from 1 to 0 when 3 Å o b o 6 Å. In this transition region, the
relative orientation between the PAH molecule and H atom
determines the collision dynamics. The relative velocity of H
and PAH has a minor impact on the calculated collision prob-
ability (Pcoll) from 1500 to 2700 K due to the weak van der Waals
potential (Fig. S8, ESI†). It was reported that collisions between
large particles at high temperatures could cause a significant
reduction in the impact factor.41 However, in this work, the
potential between the PAH monomer and H atom is relatively
weak and causes negligible impacts on collision events. The Pcoll

values of A7 and A19 are included in Fig. S9 (ESI†), which are
consistent with that of A1 (Fig. 3b). The collision radius from the
MD trajectories (Rc,MD) can be calculated using:

Rc;MD ¼
ðbmax

0

2bPcollðbÞdb
� �1

2

: (8)

The derivation of Rc,MD is included in the ESI.† Fig. 3c shows
that Rc,MD is independent of the system temperature, but

Table 1 Surface properties of all considered configurations at 1500 and
2700 K

Case T (K) ASES (Å2) aH Rc,SES (Å) Rc,geo
a (Å)

A1 1500 106.03 0.49 2.90 3.68
2700 108.61 0.49 2.94 —

A7 1500 273.38 0.38 4.66 5.99
2700 275.44 0.36 4.68 —

A19 1500 496.38 0.29 6.28 8.40
2700 502.77 0.28 6.33 —

A7s 1500 475.72b 0.79 — —
2700 471.26b 0.75 — —

A19s 1500 767.03b 0.82 — —
2700 786.52b 0.77 — —

a Rc,geo values were calculated using the optimized structure at the M06-
2X/6-311G(d,p) level of theory. b The top surface of the minimum unit is
reported here.

Fig. 3 (a) Illustration of the impact factor in different orientations. (b) The status of the collision trajectories between A1 and the incoming H atom with
different impact factors. (c) The effective collision radius calculated by MD trajectories (Rc,MD), SES area (Rc,SES) and geometrical radius (Rc,geo) of A1, A7
and A19. The Rc,SES and Rc,MD are the mean values taken from 1500 to 2700 K, and the error bars represent one standard deviation.
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increases with the PAH size as expected. The Rc,SES and Rc,geo

values are also mapped in Fig. 3c. It is clear that the computed
Rc,SES and Rc,MD values are very close; Rc,SES overestimates the
collision radius by B0.5 Å in the worst case, i.e., A19. In
contrast, Rc,geo always exceeds the collision radius by at least
1 Å, and the maximum deviation is seen in A19 as 2.5 Å. The
collision radius of the PAH monomers can be well captured
using Rc,SES without detailed MD trajectories.

The potential reaction dynamics between the PAH monomer
and H atom were then discussed in detail. Two types of
reactions were observed, including the hydrogen abstraction
(HB) reactions and hydrogen addition (HD) reactions. In an HB
reaction, an H atom is abstracted from a PAH molecule by the
incident H to form a H2 molecule as the product, which plays
an important role in the processes of PAH growth and soot
formation. In an HD reaction, the incident H atom directly
bonds with a C atom on a PAH. Compared with HB reactions,
the HD reaction is less studied in the field of soot, but it is
common in the interstellar PAHs of astrochemistry,42 where the
temperature is much lower than that of sooting flames. Fig. 4a
shows the probability (PHB) of the HB reactions as a function of
temperature for A1, A7 and A19. For all PAH molecules, PHB

increases monotonically with temperature as expected in
Fig. 4a. HB reactions occur more easily on the smaller PAH;

the A1 molecule yields the highest PHB as 0.023 at 2700 K, while
the PHB of the A19 molecule is only 0.009. This can be attributed
to the surface properties that a larger PAH molecule has a lower
aH, leading to a lower reaction probability.

The corresponding reaction rate constants calculated from
eqn (3) are also listed in Fig. 4b. At high temperature cases
(42100 K), A1, A7 and A19 share similar reaction constants,
while A19 yields lower reaction constants by 50% at tempera-
tures lower than 2300 K compared to both A1 and A7. These
inconsistent rate constants between the small and large PAHs
raise a critical argument on whether the rate constants
extracted from small PAHs can be used for large ones. Our
results in Fig. 4b provide a failure of the above argument. The
accurate rate constants of the HB reactions on the A1 molecules
are estimated from TST calculations in previous works, for
example, Hou et al.,7 Liu et al.8 and Semenikhin et al.9 In
general, our predicted rate constants of A1 from the QCT
method are in line with that of Liu et al.8 at the CBS-QB3 level
of theory, except the higher ones at 1500–1900 K. Hou et al.7

estimated the HB rate constants of A1 from the M06-2X/
6-311G(d,p) method, which was benchmarked against the
CCSD(T)/CBS level of theory. The results of Semenikhin et al.9

are calculated at the G3(MP2,CC) level of theory, which are
almost the same as the nominal values of Hou et al.7 Our QCT

Fig. 4 Reaction probabilities of (a) hydrogen abstraction and (c) hydrogen addition for A1, A7 and A19 from 1500 to 2700 K, and the corresponding rate
constants for (b) hydrogen abstraction and (d) hydrogen addition. The curves are fitted using a polynomial function. The rate constants are extracted from
the fitted curves. The shadow region in (b) represents the errors estimated at the M06-2X/6-311G(d,p) level of theory.7 The dashed curve in (b) represents
the rate constants taken from the CBS-QB3 level of theory.8 The dotted curve in (b) represents the rate constants taken from the G3(MP2,CC) level of
theory.9 The dashed-dotted curve in (b) represents the rate constants taken from the mass-spectrometric measurements.43
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results are close to the upper bound of Hou et al.,7 considering
the uncertainties (i.e., shadow region). The rate constants from
mass-spectrometric measurements by Park et al.43 are also
plotted in Fig. 4b. When compared with the rates by DFT and
QCT methods, the experimental measurement seems to under-
estimate the rates of the HB reaction. Again, at 1500–1900 K,
QCT overestimates the rate constants by 50%.

The trend of the HD reactions does not follow that of the HB
reactions. In Fig. 4c, the HD reaction probabilities (PHD) of A7
and A19 are about 2 times larger than that of A1. Although an
A19 molecule has more edge carbons for potential addition
reactions, its PHD are not higher than that of A7. Because not all
edge carbons could react with the incident H atom. The effect
of the site type will be discussed in the latter section. It should
be noted that the slope of PHD gradually decreases as the
temperature approaches 2700 K in the case of A1. In a recent
study of the ring polymer molecular dynamics for H sticking
on the graphene surface,44 it was found that the sticking
probabilities of the H atom drops at high incident kinetic
energies. In other words, PHD does not increase monotonically
with the incident kinetic energy, but decreases after reaching a
critical one. This phenomenon is also observed in other
systems.45,46 For example, Valentini et al.46 reported that the
sticking probability of O2 on the Pt(111) surface reaches its local
maximum with a critical incident kinetic energy (Ei) as 0.4 eV.
When Ei 4 0.4 eV, the sticking probability of O2 begins to

decrease because O2 can easily escape from the chemisorbed
state (�0.25 eV). The critical kinetic energy is affected by the
local potential energy surface and the energy transfer in the
collision. In this work, the PHD of A1 remains monotonical until
2700 K. For larger PAHs, the interaction becomes stronger,
causing an increase in the critical kinetic energy. As a result,
the critical incident kinetic energy increases with PAH size.

Fig. 4d presents the rate constants of HD reactions on A1, A7
and A19; clearly, the reaction constant is proportional to the
PAH size. More importantly, it was found that the rate con-
stants of the HD reactions on A19 are comparable with those
of the HB reactions, for example, the rate constant of the HD
reaction on A19 is three times larger than that of the HB
reactions at 1900 K. In contrast, A1 undergoes slower HD
reactions, and at 1900 K, the ratio between the HD reactions
and HB reactions is 0.31. The channel of the HD reactions
might be largely underestimated in the community due to the
knowledge derived from the small PAHs (i.e., A1), and the above
observation highlights the significance of the direct estimation
of rate constants from large PAHs.

Next, we compared the HB and HD reaction probabilities
between an H atom and quasi-surface models, i.e., A7s and
A19s. The PHB of A7s and A19s (Fig. 5a) shows minor differences
except at high temperatures, suggesting that the PAH size has
little effect on the reaction probability of the quasi-surface. This
observation is expected due to the similar potential energy

Fig. 5 Surface reaction probabilities of the (a) hydrogen abstraction and (c) hydrogen addition for A7s and A19s from 1500 to 2700 K, and the
corresponding rate constants for the (b) hydrogen abstraction and (d) hydrogen addition. The curves are fitted using a polynomial function. The rate
constants are extracted from the fitted curves.
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surface of A7s and A19s. The overall rate constants of the HB
reactions are shown in Fig. 5b; the rate constants of A19s are
about 1.5 times higher than those of A7s due to the larger
collision cross section. Also, the slopes of the rate constant
curves are similar for these two cases. It is thus learnt that the
collision cross section plays a more significant role in the HB
reaction compared to the type of PAHs. In Fig. 5c, the PHD of
A7s shows a similar trend compared with the reactions among
the A1 monomers, and the PHD values reach its maximum at
2500 K. As discussed in Fig. 4c, the PHD decreases after reaching
the critical incident kinetic energy (or temperature), and the
critical incident kinetic energy increases with PAH size. As a
result, the HD rate constant of A7s shows an obvious drop at
high temperatures. Below 2500 K, the difference in PHD

between A19s and A7s is limited. Again, the HD rate constants
of A19s are 2–3 times larger than those of A7s. It should
be noted that the quasi-surface model prefers abstraction
reactions, as the rate constants of the HB reaction are larger
than those of the HD reactions in most cases. In other words,
the abstraction reaction prevails in surface reactions, unlike
gas-phase reactions.

3.3 Site effect

The overall reaction kinetics of both HB and HD reactions are
decomposed into reactions on each type of reactive sites. The
atoms on the PAH monomers and quasi-surface models are
classified into three site types, i.e., inner, zig-zag (ZZ) and free-
edge (FE) site (Fig. 6b). The inner atoms cannot react with the H
atoms at 1500–2700 K, and thus they are excluded from our
discussion here. In Fig. 6a and b, the site types on the A7 and
A19 monomers are highlighted; both A7 and A19 monomers
have 12 FE sites, while the A19 monomer also includes 6 ZZ
sites. In the quasi-surface models, the available sites depend on
the local geometry. The reactive sites are further marked by
their relative positions to the neighboring molecule in Fig. 6c
and d. The corresponding SES area of each site is reported for
the monomers and quasi-surface models. In Fig. 6e, it was

found that the surface areas of the H atoms in the most FE sites
are in the range of 8.26–8.96 Å2. However, atoms in the FE-1
sites barely contribute to the surface area (B1.0 Å2) due to the
hindrance effect. H atoms in the ZZ sites occupy a similar
surface area, regardless of its relative position to the neighboring
molecules. It is interesting to note that the surface area of the
carbon in the monomers is about 4 times larger than that of
the carbon in the quasi-surface models. This is consistent with the
indication of aH (Table 1), as the quasi-surface model is dominated
by hydrogen atoms.

The incident angle of the H atoms is a critical parameter
determining the fate of collision. The sampled angles of the
incident velocities are in the range of 0–1801, as discussed in
the previous section. In Fig. 7, the incident angle governs the
accessibility of the surface sites in the first collision event,
considering the weak van der Waals potential (Fig. 1). In
particular, the available incident angle of the FE-3 site is up
to 1451, while the accessibility of the ZZ-1 site is limited as the
available incident angle is about 541. Here, the FE-3 and ZZ-2
sites are termed as ‘‘flat sites’’, which sit on the edge of the
quasi-surfaces, allowing a wide range of incident angles. In
contrast, the FE-1, FE-2 and ZZ-1 sites are considered as
‘‘pocket sites’’, which has limited accessibility for the gaseous
species due to the geometry hindrance. The definition of pocket
sites here is in line with the previous work.17 It was assumed
that the pocket sites cannot be accessed by the gaseous species,
and thus they were treated as unreactive sites. In this work, it
would be interesting to resolve the question of whether the
reactive sites in the pocket are accessible in collision events.

The QCT trajectories were further examined to count the
numbers of collisions and reactions on each site type. For each
case, the trajectories over all temperature ranges were analyzed
(42 000 for each PAH monomer and 21 000 for each quasi-
surface model). The results presented here refer to the per-
site basis. The cases of the A1 and A7 monomers are not
included because they only have FE sites. Ncol,1st represents
the count of the collision events in which the incident H first

Fig. 6 (a–d) The illustrations of the site types in A7, A19, A7s and A19s. The red and blue lines represent the free-edge site, and zig-zag site, respectively.
The grey transparent region represents the inner C atoms. (e) The solvent-excluded surface area (ASES) of the hydrogen and carbon atoms in all sites. The
error bars are extracted from the equilibrated trajectories of 10 ps to present one standard deviation.
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collides with the H and C atoms on a particular reactive site
(Fig. 8a–c). It should be noted that each reactive site is
composed of one H atom and one C atom, and the incident
H could access both C and H atoms during the first collision
due to the incident kinetic energy. Fig. 8(a–c) shows that the
surface H atoms and C atoms have roughly equal probability to
collide in the first collision despite the difference in the surface
area (Fig. 6e). For the A19 monomers, the Ncol,1st on the H
atoms of the FE site exceeds that of the ZZ site by B16%, which
is consistent with the small difference in the surface area
between the two sites. For quasi-surface models, the Ncol,1st of
the FE-1 site is much lower than that of other FE sites, which is
4.1 and 2.0 for A7s and A19s, respectively. These small values
are expected, considering their negligible contribution in the
surface area (Fig. 6e) and the incident angle (Fig. 7). Taking a
closer look at the comparison between the FE-2 and FE-3 sites,
the Ncol,1st values of the H atoms on the FE-3 site is B60% larger
than of the FE-2 site, highlighting the effect of the incident
angle, even though their ASES values are the same. The above

cases indicate the significance of the surface area and incident
angle in the determination of the overall collision rate.

After the first collision, the incident H atom might be
absorbed on the particle surface and visit other sites. In Fig. 8(d–f),
the total number of collisions accessed by the incident H atom
within a trajectory was termed as Ncol,all for each site type. For the
surface H atoms, the Ncol,all of the PAH monomer and quasi-surface
models is at least 40% and 170% larger than the corresponding
Ncol,1st, respectively. In particular, the ratio of Ncol,all/Ncol,1st is up to 31
for the FE-1 site on A19s, and this highlights the local accumulation
of the incident H atoms into the surface pocket. A similar trend is
observed from the surface C atoms as well.

In the classical gas-kinetic theory, the collision modes are
classified into specular and diffusive scattering, accounting for
the momentum transfer.47–49 It is well accepted that gaseous
bimolecular reactions undergo a single collision leading to the
product, and the unsuccessful collision results in specular
scattering. This underlying assumption underpins the majority
of combustion kinetics in gaseous bimolecular reactions,50–53

and is further extrapolated in the treatment of the surface
reactions to an extent. However, the gas-nanoparticle scattering
could exhibit a diffusive mode in which the gas molecule is
trapped on the particle surface due to the energy accommodation
of the nanoparticle. In previous works, the impact of the diffusive
scattering (termed as ‘‘surface diffusion’’ here) is well examined in
terms of the transport properties of the nanoparticles,54 but its
potential effect on the surface reactions is largely neglected in the
treatment of surface models.6,55 To examine the potential impact
of the surface diffusion on the reactions, we define the number of
reactions occurring on each site as Nreax. Fig. 9 compares the
correlation among Ncol,1st, Ncol,all and Nreax. It should be noted that
Ncol,all has a better linear correlation with Nreax. This suggests that
the first collided sites do not determine the overall reaction rate.
We believe that the incident H atom can bounce on the surface

Fig. 7 Illustration of the available incident angles for each site on the A19s
surface. The snapshot is taken from the y–z plane.

Fig. 8 Numbers of collisions of each reactive site in the first collision event between the incident H atom and surface atoms on (a) A19, (b) A7s and
(c) A19s. Numbers of collisions of each reactive site during the whole trajectory for the cases of (d) A19, (e) A7s and (f) A19s. Numbers of collisions on the
H and C atoms are represented by dark-grey and light-grey, respectively.
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and react on the reactive sites, rather than the first collided site.
This phenomenon will be addressed in a later context.

The per-site rate constants of the HB and HD reactions on
each site are presented in Fig. 10. All sites are divided into four
sub-groups, i.e., surface FE, surface ZZ, surface FE (pocket) and
sites in the PAH monomers, following the magnitude of the rate
constants of the HB reactions. The rate constants of a particular
site overlap with other sites in each sub-group. The per-site rate
constants of the HB reactions in the monomers are compared
with those at the CBS-QB3 level of theory.8 The overall rate
constants from ref. 8 are converted to per-site rate constants by
dividing the numbers of sites. The trend of the FE sites on A1 is
discussed in Fig. 4, which is not further elaborated here. As
shown in Fig. 10a, the rate constants of the HB reaction
decrease with PAH size in the range of A1, A7 and A19. The
FE sites show higher reactivity than the ZZ sites for HB
reactions, e.g., the rate constants of the HB reactions on the
FE sites are B0.8 times higher than those on the ZZ sites at
2100 K. Liu et al.8 also included the reduced rate constant in
phenanthrene (A3) compared to that in A1. This is consistent
with our results, in which the rate constant of the HB reactions
is inversely proportional to the PAH size to some extent.

Considering the site effect, the rate constants of the P3-CS1
site (similar to the FE site in this paper) on A3 is B20% larger
than those of the P4-CS1 site (similar to the ZZ site in this
paper).8 Again, this is in line with our prediction that the free
edge exhibits higher reactivity for HB reactions.

Fig. 10 includes all rate constants on each site in this work.
The first three sub-groups include sites on the quasi-surface,
and the last group refers to the sites in the PAH monomers. It is
noticed that the sites in the quasi-surface models have much
higher reaction rates for HB reactions than the sites in the PAH
monomers, considering the impact of the surface diffusion. For
example, the rate constants on the A19s-FE-2 sites are almost
one order of magnitude higher than those on the A19-FE sites.
The rate constants (Fig. 10a) of the FE-2 and FE-3 sites are
nearly identical on both quasi-surface models. This can be
attributed to the balance of the available incident angle and
the local potential energy surface; the reactive sites in the flat
region (FE-3) have better exposure to the gaseous species, that
is, larger ASAS and available incident angle, while the FE-2 sites
sit next to the pocket region and exhibit a stronger local
attraction. Regardless of the impact of stronger attraction, the
rate constants of the FE-1 sites are B2.3 times lower than those
of FE-2 and FE-3 on average due to the minimal ASES. This
supports the previous assumption17 that the reactive sites in
the pocket yield reduced rates due to geometry hindrance. The
rates of the HD reactions on the quasi-surface are also
enhanced via the event of surface diffusion (Fig. 10b). Unlike
HB reactions, HD reactions prefer surface ZZ sites rather than
surface FE sites by a factor of 1.81 at 1900 K.

Table 2 summarizes all per-site rate constants in Arrhenius
expressions recommended for kinetic models. We fitted the
reaction constants of the three sub-groups of sites, including
the surface FE, surface FE (pocket) and surface ZZ. For the first
two sub-groups, the activation energies are the same, but the
pre-exponential factor of the surface FE sites is B2.3 times
that of the FE sites at the pocket, highlighting their limited
accessibility. The rate constants of the surface HB reactions
calculated by the TST method from Hou et al.7 and Liu et al.8

are also listed in Table 2 for reference. The activation energies

Fig. 9 The correlation between the number of collisions and Nreax for A1,
A7, A19, A7s and A19s. Reactions on 12 types of sites are condiered
here (Fig. 6a–d). The blue and yellow dots represent Ncol,1st and Ncol,all,
respectively. The statistics are taken from all sites in Fig. 8. The correlation
coefficients (R2) between Nreax and Ncol,1st, and Nreax and Ncol,all are also
marked in the figure.

Fig. 10 Site-specific rate constants of the (a) hydrogen abstraction and (b) hydrogen addition reactions on the PAH monomers and quasi-surfaces. Four
groups of sites, that is, the surface-FE, surface-ZZ, surface-FE (pocket) and sites in the PAH monomers are represented by blue, orange, green and red
markers, respectively. The rate constants of A1-FE, A3-P3-CS1 and A3-P4-CS1 calculated by Liu et al.8 are also represented by a solid line, dash line and
dash-dot line, respectively.
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of HD reactions are in the range of 3.97 to 5.94 kcal mol�1,
which agree with the values of 4.31 kcal mol�1 from Nicovich
and Ravishankara.56

3.4 Surface diffusion

The impact of the surface diffusion on the overall reaction rate
was further investigated to reveal the full image of reaction
dynamics of the H atoms on PAHs. Fig. 11a illustrates an example
in which the incident H atom undergoes an HB reaction after the
third collision on the pocket sites of the particle surface. A similar

example for the HD reaction is also included in Fig. 11a. The
above two cases involve two reactions via surface diffusion, and
we term this type of surface reactions as a surface diffusion-
induced reaction. The number of sites that an incident H atom
visits in each trajectory (Nsite) and its distribution for all five
models are illustrated in Fig. 11b. Each row represents the
distribution of Nsite for a particular case from 1500 to 2700 K,
and the median value of Nsite is marked by white dots. For PAH
monomers, the median values of Nsite are 1 and 2–3 for the
surface H and C atoms, respectively. This is consistent with the
finding in Fig. 8, as the incident H atom can access both H and C
atoms at the same time in a single collision event. The Nsite of the
PAH monomers suggests that the incident H atom only visits the
surface H atom once in one trajectory, but multiple times for
surface C atoms. However, considering the overlap of the surface
C atoms, the incident H atom in fact collides on more than one C
atom at the same time, resulting in the Nsite of the C atom
exceeding one. Therefore, the collisions between the incident H
atoms and PAH monomers are governed by the specular scatter-
ing, as expected. The distributions of the Nsite for the PAH
monomers have a long tail toward tens of visited sites, indicating
that surface diffusion exists in the bimolecular collision to an
extent. A larger PAH shows a longer tail, which is consistent with
the ability of momentum accommodation.57 For the quasi-
surface models, both Nsite values of the C and H sites are higher
than that of monomers on average, suggesting that diffusive
scattering dominates the interactions between the incident H
and surface atoms.

We also learned that the Nsite is almost independent of the
temperature (Fig. S10, ESI†). However, this does not agree with
the previous understanding of gas-nanoparticle scattering,54 as
the kinetic energy of the incident atoms impacts the scattering
mode. This might be attributed to the good ability of the energy
accommodation in PAH molecules. To understand the discre-
pancy between the surface diffusion on PAH monomers and
quasi-surfaces, the van der Waals potential energy surfaces of
A19 and A19s were constructed following the method of Lu and
Chen,58 and visualized using the Multiwfn program.59 An H
atom was used as a probe to calculate the potential energy
surface. A negative potential energy (i.e., Evdw) indicates that the
incident H atom is attracted by the neighboring atoms. The
average incident kinetic energies of the H atoms are in the range

Table 2 Per-site rate constants for hydrogen abstraction and addition reactions on the surfacea

Site type

HB HD

A (cm3 mol�1 s�1) Ea (kcal mol�1) A (cm3 mol�1 s�1) Ea (kcal mol�1)

Surface-FE 2.0 � 1015 17.70 3.03 � 106 � T2.204 5.94
Surface-FE (pocket) 8.6 � 1014 17.80 2.04 � 104 � T2.719 3.97
Surface-ZZ 1.5 � 1015 19.20 1.44 � 106 � T2.292 5.61
A1-FE 3.4 � 1014 15.70 4.89 � 106 � T1.891 5.42
Surfaceb 4.67 � 109 � T1.656 16.50 — —
A1-FEb 5.38 � 109 � T1.582 15.67 — —
A1-FEc 6.75 � 108 � T1.910 15.61 — —
A1-FEd — — 4.03 � 1013 4.31

a The rate constants in this work are fitted into the expression of k = AT n exp(Ea/RT). b Rate constants of HB reactions are taken from Hou et al.7

c Rate constants of HB reactions are taken from Liu et al.8 d Rate constants of HD reactions are taken from Nicovich and Ravishankara.56

Fig. 11 (a) Snapshots of trajectories for surface diffusion-induced HB and
HD reactions on A19s. (b) The number of C and H atoms visited by the
incident H atom after the collisions on the surface H atom. The shadow
regions represent the detailed distribution. The white dots represent the
median values, which are also highlighted on the right side of the figure.
The van der Waals potential energy surface of (c) A19 and (d) A19s. The
cross section of the A19s is cut through the plane of the left A19 molecule.
The minimum potential energies are highlighted by the red values.
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of 4–8 kcal mol�1 at 1500–2700 K, which are comparable with
the van der Waals potential on the particle surface. It is expected
that the incident H atoms exhibit weak attractions from the
surface atoms before collision. As shown in Fig. 11c and d, the
Evdw values of A19s are larger than that of A19 (absolute value),
suggesting that the attractions in the quasi-surface models are
stronger. The spatial distribution of Evdw for A19 is uniform, while
the pocket sites of the quasi-surface models show a larger Evdw by
B0.5 kcal mol�1 compared to the flat regions, and this supports
the enhancement of collisions in the pocket sites (Fig. 8).

The representative collision dynamics of the surface
diffusion-induced reactions is illustrated from the kinetic energy
of the incident H atom on the surface of A19s (Fig. 12). In the first
trajectory (Fig. 12a), the incident H atom undergoes a diffusive
scattering. It gains B5 kcal mol�1 in the first collision at B260 ps,

and then experiences multiple collisions to gain and lose kinetic
energy. Finally, it gains B9 kcal mol�1 from the last collision
(B1460 fs) to overcome the surface attraction (Fig. 11d), resulting
in the desorption from the surface. It should be noted that the
kinetic energy exhibits a minor fluctuation during the surface
diffusion. In Fig. 12b, the evolution of the kinetic energy of an HB
reaction is presented, where the incident H atom reacts with the
surface H atom to release a H2 molecule. The incident H atom
collides with the surface at 510 fs and loses B4 kcal mol�1 in the
first collision. It further undergoes surface diffusion on the surface
of A19s, which involves 12 collisions in total. After the last collision
at B2180 fs, the kinetic energy of the incident H atom reaches up to
20 kcal mol�1, which overcomes the energy barrier of the HB
reactions (B16.5 kcal mol�1),7 and an HB reaction occurs. Similarly,
the acceleration of the H atom during the surface diffusion can lead
to an HD reaction as well (Fig. 12c).

The nature of surface diffusion-induced reactions lies in the
energy transfer between the incident species and surface atoms.
Once the incident species gains enough kinetic energy from surface
diffusion, the potential surface reaction could be seen afterward.
The previous knowledge neglects the potential reactions in the
diffusive scattering,54 where the incident species loses its kinetic
energy and no reaction proceeds. However, our findings here
demonstrate the importance of surface diffusion-induced reactions,
and highlight the feasibility to gain kinetic energy from surface
diffusion in the models of soot surface.

The probabilities of surface diffusion in all trajectories are
discussed together with the proportions of surface diffusion-
induced HB and HD reactions (Fig. 13). We selected Nsite,H 4 2
as a critical value to recognize the surface diffusion. The
diffusive scattering only accounts for 0.91–1.44% of all colli-
sions between the incident H and PAH monomers, while the
probability of diffusive scattering is enhanced to 59.4–60.9%
for quasi-surface models. Both surface diffusion-induced HB
and HD reactions are insignificant (B4%) in the cases of the

Fig. 12 Kinetic energy profiles of an incident H atom in three represen-
tative trajectories involving surface diffusion: (a) desorption after non-
reactive collisions, (b) HB reaction and (c) HD reaction. The grey arrows
highlight the collisions between the incident H atom and surface atoms.
Detailed animations of three representative trajectories are included in the
ESI.†

Fig. 13 The contribution of surface diffusion (Pdiff) into the HB reactions,
HD reactions and all collisions for cases of A1, A7, A19, A7s and A19s. The
green, orange and blue bars represent the Pdiff in HB reactions, HD
reactions and all collision events, respectively. The error bars are one
standard deviation computed by the bootstrapping resampling method.
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PAH monomers as expected, and the reactions can be approxi-
mated as the product of a single collision. In contrast, B50% of
both HB and HD reactions proceed via multiple collisions between
the incident H atom and surface atoms, that is, surface diffusion-
induced reactions. This proves that the surface diffusion-induced
reactions are critical in the treatment of surface reactions in soot
formation. However, the surface diffusion-induced reactions were
not novel in surface science, and they were previously observed in
the area of metal catalysis, for example, the Langmuir–Hinshel-
wood (LH) mechanism. In the LH mechanism, two reacting
species are chemisorbed on the catalyst surface, and the surface
diffusion events drive the two species together before a reaction
takes place.60 Examples of the LH mechanism are seen in the
systems of H + H-absorbed Ni(100),61 H + Cl-adsorbed Au(111),62

and H + H-absorbed graphite.63 A similar concept termed as the
‘‘mobile precursor mechanism’’ is available in the soot commu-
nity, where the multiple collisional events between the gaseous
reactants offer the opportunity for a reaction to take place.64

Recently, Frenklach and Mebel invoke this concept to explore
the mechanisms of soot particle nucleation.24 They proposed a
new reaction termed ‘‘E-bridge’’, where a rotationally-activated
dimer is formed in a collision of an aromatic molecule and an
aromatic radical; and the two species experience repeated edge
bumping during the lifetime of the rotationally-activated dimer.
Furthermore, Semenikhin et al.25 recently proposed that a new
model combining rotationally-induced formations of E-bridges
successfully reaches the level of nucleation fluxes comparable to
those of the irreversible dimerization models, and the latter
models have been shown to reproduce soot inception in flames.65,66

The above discussion shows that the phenomenon of surface
diffusion or mobile precursor mechanism (rotationally-induced
formation of E-bridges) can significantly affect the reaction
dynamics in gas-particle and large molecule systems. Therefore,
the impact of surface diffusion on the surface reactions of soot
should not be neglected, and further detailed analysis will help the
development of surface reaction models.

Soot particles have complex surface structures, including
cross-linking,67 heteroatoms68 and curved PAHs,69 and the current
model focuses on a series of simplified quasi-surface models that
only involves C–H sites. However, we believe that the surface
diffusion-induced reactions exist in other cases. When the surface
evolves to carbon-rich configurations as the soot becomes
mature, the preferred reaction pathway might be switched from
HB reactions to HD reactions. The HD reactions could super-
hydrogenate the particle surface, which would weaken the C-
backbone and accelerate the fragmentation upon collisions or
photoionization.70,71 A further study on the fate of the product
of HD reactions is critical to assess its impact on the surface
reactions. The products of HD reactions are not thermally stable
under flame conditions; H loss dominates and H addition
complexes do not survive long enough to enter further
reactions.24 Our current study resolves the collision dynamics
of the H radical and PAHs, and further investigation of the
dissociation channel will be required in a future work. Besides
H atoms, other radical species, i.e., OH and CH3, also play an
important role in the PAH chemistry. A competition between the

abstraction and addition reactions among these species is
expected, and the rate of each reaction pathway depends on
the local potential energy surface.

4. Conclusions

The quasi-classical trajectories (QCT) method in combination
with molecular geometric analysis are applied to explore the HB
and HD reactions on PAH monomers and quasi-surface models
from 1500 to 2700 K. The molecular structures of the monomers
and quasi-surface models are investigated by solvent-excluded
surface (SES) area. For PAH monomers, it was found that the
percentage of surface hydrogen atom (aH) decreases with the
PAH size, resulting in the preferred reaction pathway changing
from HB to HD reactions. In contrast, the quasi-surface models
exhibit weak dependence on the PAH size due to the similar aH.
Furthermore, several reactive sites are highlighted to under-
stand the effects of the surface area, incident angle and van der
Waals potential on the reaction dynamics. We observed the
phenomenon of the surface diffusion in the models of quasi-
surface, where the incident H atom collides with several reactive
sites. A portion of the surface diffusion results in the HB or HD
reactions on the particle surface due to the gain of kinetic
energy from the surface atoms. This type of unexpected reac-
tions prevails in the models of the quasi-surface sites, resulting
in one order of magnitude enhancement of the reaction rates
compared to those of the monomer sites at the maximum.

Our study also highlights the misuse of small PAHs to
represent the large PAHs or even soot particles for considering
the underlying reaction kinetics, which might underestimate
the magnitudes of surface reaction rates and misinterpret the
reaction path in the worst cases. The key lies in the treatment of
surface diffusion-induced reactions. More future studies are
required to determine the intensity of the surface diffusion and
its impact on the reaction pathway among more complex
surfaces (involving C rich, cross-linking, curved PAH) and
gas species (OH and CH3). However, the surface diffusion
phenomena should always exist on the particle surface, and
become stronger as the particle size increases. We anticipate
that the surface reactions in the events of the surface diffusion
discovered here apply to other gas-surface reactions, which is of
critical significance for our understanding of chemical reac-
tions in surface reactions. It should be noted that the reverse
reaction can affect the PAH and soot growth, e.g., H addition to
the radical formed by the H abstraction, which will be acceler-
ated by the surface diffusion as well. Therefore, further study
on the reverse reaction is needed to understand the dynamics
of the soot surface reaction. Also, we expect that our results
can stimulate the development of experimental methods to
explore such unexpected phenomena from the basis of reaction
kinetics in soot formation.

Conflicts of interest

There are no conflicts to declare.

PCCP Paper

Pu
bl

is
he

d 
on

 2
9 

D
ec

em
be

r 
20

20
. D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ity
 o

f 
C

al
if

or
ni

a 
- 

Sa
nt

a 
B

ar
ba

ra
 o

n 
5/

16
/2

02
1 

7:
20

:5
2 

A
M

. 
View Article Online

https://doi.org/10.1039/d0cp06406h


3084 | Phys. Chem. Chem. Phys., 2021, 23, 3071--3086 This journal is©the Owner Societies 2021

Acknowledgements

This work was supported by the National Natural Science
Foundation of China (Grant No. 21961122007, 51806016,
11672314 and 51676016). D. C. also acknowledges the support
by the Beijing Institute of Technology Research Fund Program
for Young Scholars.

References

1 R. Niessner, The many faces of soot: characterization of soot
nanoparticles produced by engines, Angew. Chem., Int. Ed.,
2014, 53, 12366–12379, DOI: 10.1002/anie.201402812.

2 H. Wang, Formation of nascent soot and other condensed-
phase materials in flames, Proc. Combust. Inst., 2011, 33,
41–67, DOI: 10.1016/j.proci.2010.09.009.
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