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Abstract
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. The QCT results reproduce the rate constants of HB reactions on PAH
monomers from density function 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. By contrast, HD reactions
have a clear size dependence and a larger PAH yields a higher rate. It is also found that the preferred
reaction pathway changing from HB to HD reactions at ~1900 K. The rates of surface HB and HD
reactions exceed those in the gas phase by nearly a factor of magnitude. Further analysis on the detailed
trajectory of QCT method reveals that about 50% of the surface reactions can be attributed to the events
of surface diffusion, which depends on the local energy transfer in the gas-surface interactions. However,
this phenomenon is not preferred in PAH monomers as expected. Our finding here highlights the
misinterpretation of surface reactions as the product of the first collision between gaseous species and
particle surface, and surface diffusion induced reactions should be accounted for in the rates of surface
HB and HD reactions. Rate constants of HB and HD reactions on each reactive site (surface zig-zag,
surface free-edge and pocket free-edge sites) are calculated by QCT method, which are recommended for

the further development of surface chemistry models in soot formation.
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1. Introduction

Soot particles have attracted intensive public attention due to their hazardous effects on 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 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 its main
building block [3,4]. Many experimental investigations and chemical kinetic modelings have been
performed on PAHs to understand the mechanism in soot surface reactions [5,6]. Since the calculation of
reactions involving large aromatic molecules is 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 the rate
constants. A series of studies using the TST approach have been conducted to examine the effect of PAH
size on the reactivity. Hou ef 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 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] have 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, 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, and the obvious deviation (e.g. ~41%) in rate constants is attributed
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to the effect of orientation hindrance, where the reactive site is hindered by local geometry. As discussed
above, the TST method can well predict the rate constants for 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 coworkers [9] has been widely applied to
address the mass growth due to surface reactions. In this model, the rate of surface reaction (R;) is

determined by R; = ay;AsRy, where a is an empirical parameter accounting for the probability of a

gaseous molecule colliding with reactive sites on particle surface, y; is the number density of reactive
site i, Ay is the particle surface area and Ry is the reaction rate of an analogous gas-phase reaction. The R,
was adapted from the hydrogen abstraction on benzene according to the rate-rule assumption, and the
activation energy barrier was lowered by 3 kcal/mol based on the assumption that the reactive C-H sites
locate at the aromatic bay [10]. This approximation is somewhat arbitrary and 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 particles inception [11,12] and the morphology

evolution [13] of soot particles. Chen et al. [14] have successfully built microscopic structures of PAH

clusters to mimic soot particles, and managed to estimate surface properties including surface area,
number density of reactive sites and parameter a. They also found that surface shallow regions (e.g.
pockets) are frequently formed owing to the surface rearrangement of PAH molecules [15]. It was
speculated that the reactivity of reactive site in the pocket region is different from its counterpart, however,
this has not been further investigated in detail.

Besides TST and MD methods, quasi-classical trajectory (QCT) is an alternative method using

classical mechanics to describe the collision between a target molecule and a collision partner [16], which
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is widely applied to extract the rate constants of bimolecular reactions in the gas phase [17-19]. Compared
to TST method, QCT method examines the detailed characteristics of collision and energy transfer with a
higher computing cost. Fu ef al. [20] reported a high-level computational study of roaming dynamics in
the bimolecular combustion reaction H + C,H, = H, + C,H;. It was learnt that the binary collision can
lead to “collision-induced” roaming, i.e., the incident H radical roams over the CoH4 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 soot surface reactions, no similar work is available, and this motivates us to explore the
collision dynamics of surface hydrogen abstraction and addition reactions using QCT method.

In this paper, the potential collisions between the incident species and soot surface were explored
using QCT method to reveal the detailed dynamics of surface reactions in soot formation. Firstly,
molecular structures are analyzed to obtain solvent-excluded surface (SES) area and percentages of
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 per-site SES area, available incident angle, local van der Waals potential energy
surface, are discussed to illustrate the site effects on collision dynamics. The detailed dynamics of surface
reactions are examined to identify the impact of gas-surface scattering. Finally, the rate constants of

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 firstly consider PAH monomers of benzene (Al),

coronene (A7) and circumcoronene (A19) to mimic the interactions between H atoms in gaseous reactions.
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Two quasi-surface configurations are further constructed using both A7 and A19, termed as A7s and A19s.
The selection of PAH size is based on the recent studies of mass spectra [21] and high-resolution atomic
force microscopy [22] 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 soot surface (Fig. 1b). As shown in Fig.
la, a PAH monomer was placed in the box center. The initial orientation and vibrational energy of PAH
monomers were randomly sampled from the equilibrium configuration at the corresponding temperature.

The initial distance between H atom and the center of mass (COM) of PAH monomers is defined as d =

Vx2 + b2, where x is setto 35 Aand b = E12p, . is the impact parameter [23]. € is a random number
that follows a uniform distribution in (0,1), and b,,,, is the maximum impact factor in the sampling
process, whichis 6 A, 8.5 A and 10.5 A for A1, A7 and A19, respectively. The initial velocity of H atoms
in x direction was sampled from Maxwell-Boltzmann distribution at the sampled temperature, while
velocity components in both y and z directions were set to 0.

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-direction. In 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
[24,25]. To guarantee the initial configurations sitting at the potential minimum (see Fig. S1 in the
Supplementary Materials), parameter d was set as 3.3 A for A7s and A19s, and the values 4 of A7s and
A19s were 10.2 and 15.1 A, respectively (Fig. 1b). A bottom restrain was added to the lowest (in z-

direction) layer of atoms to avoid surface evaporation at high temperatures and improve the sample
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efficiency. The bottom restrain is a common method in the studies of metal surface reaction [26,27]. Prior
to production simulations, the potential impact of the bottom restrain was carefully examined in Fig. S2.
The bottom restrain causes negligible impacts on the reaction probabilities and kinetic energy transfer.
The initial setup of QCT simulations using the quasi-surfaces (Fig. 1b) is different from that of PAH
monomers. An H atom was placed 20 A above the surface, and both the x- and y- positions were randomly
sampled. The initial x-, y- and z-velocity components of H atom were randomly assigned from a Gaussian
distribution, however, the speed distribution followed the Maxwell-Boltzmann distribution at the sampled
temperature. This randomly sampled x-, -, z- components of incident velocity ensure the incident angle

covering the range of 0° to 180°. In addition, the surface temperature was consistent with the sampled

temperature.
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Figure 1. The initial configurations of quasi-classic trajectories for (a) PAH monomers and (b) PAH quasi-
surfaces. Periodic boundary conditions are applied to x- and y-direction of PAH quasi-surface, and ghost
molecules are represented by red color (top view in the left panel of (b)). fyz(T) and f,,,; represent the
sampling from Maxwell-Boltzmann distribution and uniform distribution, respectively. d and 4 refer to

the layer separation and distance between PAH stacks of the minimum unit in the models of quasi-surfaces.



A temperature range of 1500-2700 K was selected to cover the flame conditions [28]. In this work,
the temperature controls two main parameters, i.e., the relative velocity of incident H atom and the
vibrational energies of PAH monomers and quasi-surfaces. The Nose-Hoover thermostat was applied for
system equilibration (i.e., 10 ps), and the NVE ensemble was used for the further QCT simulations. At
each temperature, the total number of trajectories was 6,000 and 3,000 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). In total, 168,000 QCT simulations were conducted to reveal the reaction
kinetics on PAH monomers and quasi-surfaces. All 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). If the COM distance
of two fragments exceeds 40 A, the trajectory is truncated to avoid unnecessary calculations. All the MD
simulations are carried out using LAMMPS simulator [29].

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

Omono,H = Thiax (D

The collision cross section between H atom and quasi-surface (g, 5) 18 calculated by the geometric area

of quasi-surface, which are 358.05 A” and 514.91 A” for A7s and A19s, respectively. The reaction
probability is defined as

Ny

P. = ,
N, total

(2)

where N, and N;,:,; are the number of reactions and total trajectories, respectively. The rate constant
at the temperature T is then calculated by
k(T) =(v)o P (3)

with the mean collision velocity
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where kg is the Boltzmann constant and p is the reduced mass of reactants. The fraction of reaction on
a reactive site 7 is defined as the ratio of reaction events on site i (N,.;) to total reaction events (N,) at a

temperature 7,

Nri
(T) = —. 5
R = 5)
We can further have the per-site rate constant of site i as
ki(T) = fi(T) x k(T). (6)

2.2 Force field validation

The potential energy surface of PAH systems was explored using reactive molecular dynamics. We
selected the ReaxFF force field to describe the interactions between carbon and hydrogen atoms, and the
parameters were taken from Mao et al. [11,30], which has been widely used to describe the nucleation and
growth of incipient soot particles. The ReaxFF parameters have been validated by the binding energy of
PAH dimmers against the M06-2X/def2SVP level of theory [31]. To further examine the accuracy of
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 is found that the
results of ReaxFF force field are in good agreement with those using the B3LYP-D3/6-311++G(d,p)
method. Comparing with the CCSD(T)/cc-pVTZ method, both ReaxFF and B3LYP-D3/6-311++G(d,p)
methods overestimate the potential well depth by ~0.43 kcal/mol at maximum. An unexpected fluctuation

around 3.3 A exits in the prediction of ReaxFF forcefield in Fig. 2d. This indicates a potential issue in the



original parametrization of the ReaxFF force field, but the fluctuation is less than 0.2 kcal/mol and does
not influence the collision dynamics of H atom with PAHs in this study. More importantly, the ReaxFF
force field is ~150,000 times faster than DFT method at the M06-2X/def2SVP level of theory [31], which
enables the simulations of quasi-surface models.
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Figure 2. Intermolecular energy curves of a benzene with an H atom calculated from the methods of
ReaxFF force field, B3LYP-D3/6-311++G(d,p) and CCSD(T)/cc-pVTZ.

2.3 Post-process methods

Solvent-excluded surface (SES) was used to evaluate the surface properties of PAH monomers and
quasi-surfaces. This approach has been successfully applied to investigate surface reactivity of soot
[14,15]. The SES area was calculated by MSMS 6.2.1 program [32] using a “rolling ball” algorithm. The
radii of carbon and hydrogen atoms were taken from their van der Waals radii as 1.7 A and 1.2 A,
respectively [33]. The probe size was taken from the radius of hydrogen atom. For each case, 200

equilibrium structures were sampled from trajectories over 10 ps at a specific temperature to calculate the
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mean and standard deviation values of 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 7., and the duration exceeds t.;, these two atoms are considered as “bonded”. A
detailed analysis has been performed to examine the effects of r,,.;; and t..;; on the predicted bonded
information (Fig. S5). As a result, 7,4 and t..; is 1.2 A and 0.2 ps for C-H bonds, respectively. By
contrast, we selected 7.+ = 1.0 A and t,.;; = 0.2 ps for H-H bonds. The selected 7, values of C-H
and H-H bonds are comparable to their bond length in typical molecules; the bond length of C-H bond in
CeHp is 1.083 A (calculated at the CCSD(T)/cc-pVTZ level of theory) [34], and the bond length of H-H
bond in Hy is 0.743 A. Considering bond vibrations at high temperatures, 7. is longer than the bond
length as expected. The bootstrapping resampling method [35] was used to extract error bars in our
calculations. The sample size and the number of repeats is adapted as 3000 and 20, respectively (Fig. S6).

3. Results and Discussion

3.1 Molecule structures

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

Case T (K) ASES (Az) Ay Rc,SES (A) Rc,geo (A)a
A 1500 106.03 0.49 2.90 3.68
1
2700 108.61 0.49 2.94 -
A7 1500 273.38 0.38 4.66 5.99
2700 275.44 0.36 4.68 -
1500 496.38 0.29 6.28 8.40
Al9
2700 502.77 0.28 6.33 -



1500 475.720 0.79 - -
2700 471.26° 0.75 - -
1500 767.03° 0.82 - -
2700 786.52° 0.77 - -

ATs

A19s

ZRC' geo Vvalues are calculated using the optimized structure at the M06-2X/6-311G(d,p) level of theory.
The top surface of the minimum unit is reported here.

Table 1 lists the surface properties of PAH monomers and quasi-surfaces at 1500 and 2700 K. The
percentage of surface hydrogen is defined as ay = Ay /Atorar, Where Ay and Agpeq; 1S the SES area of
hydrogen atom and all surface sites, respectively. The ay also refers to the probability of a successful
collision on the surface H atoms. Note that both Agzs and ay present weak dependence on the
temperature, for example, the Aggs of A19s increases by only ~2% when changing temperature from
1500 to 2700 K. At 1500 K, A1 yields the largest ay as 0.49, while the ay of A19 is only 0.29. This
change can be attributed to the increase in the C/H ratio from Al to A19. As shown in Fig. 1b, the current
configurations of quasi-surface models represent a hydrogen-rich surface as the surface H atoms point
outward resulting in a large ay as ~0.80 at 1500 K, and the difference between A7s and A19s is minor,

i.e. 0.02-0.03. The equivalent collision radius R ¢gs of PAH monomers can be calculated from SES area
assuming spherical molecules, R sgs = \/m + Ry, where Ry is the van der Waals radius of
hydrogen atom as 1.2 A. The geometrical radius Rgeo is extracted from the optimized structure at the
M06-2X/6-311G(d,p) level of theory. The R 4¢, is calculated as

R¢ geo = Aucom + Ry, 7
where dy com represents the distance between the farthest H atom in a PAH to the COM. As Table 1
shows, R.ge, values are always higher than R, ggs. Increasing the PAH size, the discrepancy between

R¢ geo and R.gsps increases from ~0.78 to 2.12 A.
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3.2 Collision dynamics

PAH molecules are usually planar species [22], and the collision between PAH molecule and gaseous
species depends on the relative orientation and velocity. We first examine the effect of orientation. Figure
3a shows that the impact factor reaches the maximum value (b,,,,) when the relative velocity is
perpendicular to the plane of 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 < 3 A, and the
proportion of “Collide” trajectories gradually decrease from 1to 0 when 3 A < b < 6 A. 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 probability (P.,;;) from
1500 to 2700 K due to the weak van der Waals potential (Fig. S7). It was reported that collisions between
large particles at high temperatures could cause a significant reduction in the impact factor [36]. But in
this work, the potential between PAH monomer and H atom is relatively weak that causes negligible
impacts on collision events. The P.,; values of A7 and A19 are included in Fig. S8, which are consistent

with that of A1 (Fig. 3b). The collision radius from MD trajectories (R yp) can be calculated using

1
bmax E
Rop = ( f 2b Pwuaa)db) . ®)
0

The derivation of R ypis included in the supplementary materials. Figure 3c shows that R yp is
independent on the system temperature, but increases with PAH size as expected. The R.ggs and R ge,
values are also mapped in Fig. 3c. It is clear that the computed R.sgs and R.up are very close; R. sgs

overestimates the collision radius by ~0.5 A in the worst case, i.e., A19. By contrast, R¢ geo always
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exceeds collision radius by at least 1 A, and the maximum deviation is seen in A19 as 2.5 A. The collision
radius of PAH monomers can be well captured using R.sgs without detailed MD trajectories.
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Figure 3. (a) Illustration of the impact factor in different orientations. (b) The status of collision trajectories
between Al and the incoming H atom with different impact factors. (c¢) The effective collision radius

calculated by MD trajectories (R¢ yp), SES area (R sgs) and geometrical radius (R; g¢0) of Al, A7 and
A19.The R.sgs and R yp are the mean values taken from 1500 to 2700 K, and the error bars represent

one standard deviation.

The potential reaction dynamics between PAH monomer and H atom was then discussed in detail.
Two types of reactions were observed including hydrogen abstraction (HB) reactions and hydrogen
addition (HD) reactions. In an HB reaction, an H atom is abstracted from a PAH by the incident H to form
a H» 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 [37], where the temperature is much lower than sooting flames. Figure 4a shows the
probability (Pyp) of HB reactions as a function of temperature for A1, A7 and A19. For all the PAH

molecules, Pyp increases monotonically with temperature as expected in Fig. 4a. HB reactions occur
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more easily on the smaller PAH; A1 molecule yields the highest Pyg as 0.023 at 2700 K, while the Pyp
of A19 molecule is only 0.009. This can be attributed to the surface properties that a larger PAH molecule
has a lower ay, leading to a lower reaction probability.

The corresponding reaction rate constants calculated from Eq. 3 are also listed in Fig. 4b. At high
temperature cases (> 2100 K), A1, A7 and A19 share similar reaction constants, while A19 yields lower
reaction constants by 50% at temperatures lower than 2300 K compared to both A1 and A7. These
inconsistent rate constants between small and large PAHs raise a critical argument 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 HB reactions on Al molecules are estimated from
TST calculations in previous works, for example, Hou et al. [7] and Liu et al. [8]. In general, our predicted
rate constants of Al from QCT method are in line with that of Liu er 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 Al from
the M06-2X/6-311G(d,p) method, which was benchmarked against the CCSD(T)/CBS level of theory.
Our QCT results are close to the upper bound of Hou et al. [7] considering the uncertainties (i.e. shadow
region). Rate constants from mass-spectrometric measurements by Park et al. [38] are also plotted in Fig.
4b. When comparing with rates by DFT and QCT methods, the experimental measurement seems to
underestimate the rates of HB reaction. Again, at 1500-1900 K, QCT overestimates the rate constants by

50%.
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Figure 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 dash curve in (b) represents the rate constants taken from the CBS-QB3 level of
theory [8]. The dot curve in (b) represents the rate constants taken from the mass-spectrometric

measurements [38].

The trend of HD reactions does not follow that of HB reactions. In Fig. 4c, the HD reaction
probabilities (Pyp) of A7 and A19 are about 2 times larger than that of Al. Although an A19 molecule
has more edge carbons for potential addition reactions, its Pyp are not higher than that of A7. Because
not all edge carbons could react with the incident H atom. The effect of site type will be discussed in the

latter section. Note that the slope of Pyp gradually decreases as the temperature approaches 2700 K in
14



the case of Al. In a recent study of ring polymer molecular dynamics for H sticking on graphene surface
[39], it was found that the sticking probabilities of H atom drops at high incident kinetic energies. In other
words, Pyp does not increase monotonically with the incident kinetic energy, but decreases after
reaching a critical one. This phenomenon is also observed in other systems [40,41]. For example, Valentini
et al. [41] reported that the sticking probability of O, on Pt (111) surface reaches its local maximum with
a critical incident kinetic energy (E;) as 0.4 eV. When E; > 0.4 eV, the sticking probability of O, begins
to decrease because O: 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
Pyp of Al 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.

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

Next, we compared the HB/HD reaction probabilities between an H atom and quasi-surface models,
i.e. A7s and A19s. The Pyp of A7s and Al19s (Fig. 5a) shows minor differences except at high

temperatures, suggesting that the PAH size has a little effect on the reaction probability of the quasi-
15



surface. This observation is expected due to the similar potential energy surface of A7s and A19s. The
overall rate constants of HB reactions are shown in Fig. 5b; the rate constants of A19s are about 1.5 times
higher than those of A7s due to 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 Pyp of A7s shows a similar trend
comparing with the reactions among A1 monomers, and the Pyp values reach its maximum at 2500 K.
As discussed in Fig. 4c, the Pyp 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 Py
between A19s and A7s is limited. Again, the HD rate constants of A19s are 2-3 times larger than those of
AT7s. Note that the quasi-surface model prefers abstraction reactions as the rate constants of HB reaction
are larger than those of HD reactions in most cases. In other words, the abstraction reaction prevails in

surface reactions unlike gas-phase reactions.
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Figure 5. Surface reaction probabilities of (a) hydrogen abstraction and (c) hydrogen addition for A7s and
A19s 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.

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 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 H
atoms at 1500-2700 K, and thus they are excluded from our discussion here. In Fig. 6a and 6b, the site
types on A7 and A19 monomers are highlighted; both A7 and A19 monomer has 12 FE sites, while 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
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Fig. 6¢ and 6d. The corresponding SES area of each site are reported for monomers and quasi-surface
models. In Fig. 6e, it is found that the surface areas of H atoms in the most FE sites are in the range of
8.26-8.96 A%. However, atoms in FE-1 sites barely contribute to the surface area (~1.0 A?) due to the
hindrance effect. H atoms in ZZ sites occupy similar surface area regardless its relative position to the
neighboring molecules. It is interesting to note that the surface area of carbon in monomers is about 4
times larger than that of carbon in quasi-surface models. This is consistent with the indication of ay

(Table 1) as the quasi-surface model is dominated by hydrogen atoms.
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Figure 6. (a-d) The illustrations of site types in A7, A19, A7s and A19s. Red and blue lines represent free-
edge site, and zigzag edge site, respectively. The grey transparent region represents inner C atoms. (e) The
solvent-excluded surface area (Aggs) of hydrogen and carbon atoms in all sites. The error bars are extracted

from the equilibrated trajectories of 10 ps to present one standard deviation.

The incident angle of H atoms is a critical parameter determining the fate of collision. The sampled
angles of incident velocities are in the range of 0-180° as discussed in the previous section. In Fig. 7, the
incident angle governs the accessibility of surface sites in the first collision event considering the weak
van der Waals potential (Fig. 1). In particular, the available incident angle of FE-3 site is up to145°, while
the accessibility of ZZ-1 site is limited as the available incident angle is about 54°. Here, the FE-3 and

Z77-2 sites are termed as “flat sites”, which sit on the edge of quasi-surfaces allowing a wide range of
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incident angles. By contrast, FE-1, FE-2 and ZZ-1 sites are considered as “pocket sites”, which has limited
accessibility for gaseous species due to the geometry hindrance. The definition of pocket sites here is in
line with the previous work [15]. It was assumed that pocket sites cannot be accessed by gaseous species
and thus they were treated as unreactive sites. In this work, it would be interesting to resolve the question
whether reactive sites in pocket are accessible in collision events.

FE-3>ZZ-2>FE-2>ZZ-1>FE-1

Figure 7. Illustration of available incident angles for each site on the A19s surface. The snapshot is taken

from the y-z plane.

QCT trajectories are further examined to count the numbers of collisions and reactions on each site
type. For each case, the trajectories over all temperature ranges are 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 A1 and A7 monomers are not included because they only have FE sites. N, 15+ represents
the count of collision events that the incident H first collides with H and C atoms on a particular reactive
site (Fig. 8a-c). Note that each reactive site is composed of one H and one C atoms, the incident H could
access both C and H atoms during the first collision due to the incident kinetic energy. Figure 8(a-c) show
that the surface H atoms and C atoms have roughly equal probability to be collided on in the first collision

despite the difference in the surface area (Fig. 6e). For A19 monomers, the Ny 15+ on H atoms of FE
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site exceeds that of ZZ site by ~16%, which is consistent with the small difference in the surface area
between two sites. For quasi-surface models, the N, 15¢ 0of FE-1 site is much lower than 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. 6¢) and the incident angle (Fig. 7). Taking a further looking
at the comparison between FE-2 and FE-3 sites, the N, ;s values of H atoms on FE-3 site is ~60%
larger than of the FE-2 site highlighting the effect of incident angle, even though their Aggs values are
the same. The above cases indicate the significance of surface area and incident angle in the determination

of the overall collision rate.
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Figure 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 cases of (d) A19, (e) A7s and (f) A19s. Number of collisions on H and C
atoms are represented by dark-grey and light-grey, respectively.

After the first collision, the incident H atom might be absorbed on 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 are

termed as Ny 4 for each site type. For surface H atoms, the N,y o of PAH monomer and quasi-
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surface models is at least 40% and 170% larger than the corresponding N, 15, respectively. In particular,
the ratio of Ngojau/Neor1se 18 up to 31 for the FE-1 site on Al9s, and this highlights the local
accumulation of the incident H atoms into the surface pocket. A similar trend is observed from surface C
atoms as well.

In the classical gas-kinetic theory, collision modes are classified into the specular and diffusive
scattering accounting for the momentum transfer [42—44]. It is well accepted that gaseous bimolecular
reactions undergo a single collision leading to the product, and the unsuccessful collision results in a
specular scattering. This underlying assumption underpins the majority of combustion kinetics in gaseous
bimolecular reactions [45—48], and is further extrapolated in the treatment of surface reactions to an extent.
However, the gas-nanoparticle scattering could exhibit a diffusive mode that the gas molecule is trapped
on the particle surface due to the energy accommodation of nanoparticle. In previous works, the impact
of diffusive scattering (termed as “surface diffusion” here) is well examined in terms of the transport
properties of nanoparticles [49], but its potential effect on the surface reactions is largely neglected in the
treatment of surface models [6,50]. To examine the potential impact of surface diffusion on the reactions,
we define the number of reactions occurring on each site as N,.q,. Figure 9 compares the correlation
among Ngoi1s 5 Neoraqu and Nyggy. It is noted that N 4y has a better linear correlation with Np.gqy.
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 and react on reactive sites rather than the first collided site.

This phenomenon will be addressed in the later context.
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Figure 9. The correlation between the number of collisions and N, for Al, A7, A19, A7s and A19s.
The blue and yellow dots represent Ny 15¢ and Ny o1, respectively. The statistics are taken from all
sites in Fig. 8. The correlation coefficients (R?) between Nyeq, and Neopise, Npeay and Negp gy are

also marked in the figure.

The per-site rate constants of 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 PAH monomers
following the magnitude of rate constants of HB reactions. The rate constants of a particular site overlap
with other sites in each sub-group. The per-site rate constants of HB reactions in 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 FE sites on Al is discussed in Fig. 4,
which is not further elaborated here. As shown in Fig. 10a, the rate constants of HB reaction decrease with
PAH size in the range of Al, A7 and A19. The FE sites show higher reactivity than ZZ sites for HB
reactions, e.g., rate constants of HB reactions on FE sites are ~0.8 times higher than those on ZZ sites at
2100 K. Liu et al. [8] also included the reduced rate constant in phenanthrene (A3) compared to that in
Al. This is consistent with our results that the rate constant of HB reactions is inversely proportional to

the PAH size to some extent. Considering the site effect, the rate constants of P3-CS1 site (similar to FE
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site in this paper) on A3 is ~20% larger than those of P4-CS1 site (similar to ZZ site in this paper) [8].

Again, this is in line with our prediction that free edge exhibits higher reactivity for HB reactions.

10™ (a) HB Park et al’® 1 (b) HD B A7s-FE-2
] E. 7 Al ¥V A7eFES Surface-FE
v ® A19s-FE-2
2 T =I i ¥ g A A19s-FE-3
g 10" 5 3 x u 8 8 Al }Surface-ZZ
o ‘l B ' ¥ B g | vV A9szz2
£ ] § ¥ & | B A7sFEA1 Surface-FE
o B B V| v AtesFe1 S (pocket)
» 10 71 Liu et al. AN S E @ B A1-FE
== TSNy X | v e
— - A3-P3-CS1(FE-like) 3% B o A9z RAGHEEE
1011 == A3-!D4-CS1(ZZI-|Ike) ' I ‘ I A A19-FE
0.3 0.4 05 06 0.7 03 0.4 05 06 07
1000/T (1/K) 1000/T (1/K)

Figure 10. Site-specific rate constants of (a) hydrogen abstraction and (b) hydrogen addition reactions on
PAH monomers and quasi-surfaces. Four groups of sites, that is, surface-FE, surface-ZZ, surface-FE
(pocket) and sites in PAH monomers are represented by blue, orange, green and red markers, respectively.
Rate constants of A1-FE, A3-P3-CS1 and A3-P4-CS1 calculated by Liu et al. [8] are also represented by

solid line, dash line and dash-dot line, respectively.

Figure 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 refer to sites in 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 PAH monomers
considering the impact of surface diffusion. For example, the rate constants on A19s-FE-2 sites are almost
one order of magnitude higher than those on A19-FE sites. The rate constants (Fig. 10a) of 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; reactive sites in the flat region (FE-3) have
better exposure to the gaseous species, that is, larger Agys and available incident angle, while FE-2 sites
sit next to the pocket region and exhibit a stronger local attraction. Regardless the impact of stronger

attraction, the rate constants of FE-1 sites are ~2.3 times lower than those of FE-2 and FE-3 on average
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due to the minimal Aggg. This supports the previous assumption [15] that the reactive sites in the pocket
yield reduced rates due to geometry hinderance. The rates of HD reactions on 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. Per-site rate constants for hydrogen abstraction and addition reactions on surface.?

HB HD
Site type
A (cm®/mol/s) Ea(kcal/mol) A (cm*/mol/s)  Ea (kcal/mol)

Surface-FE 2.0x10" 17.70 3.03x100x 2204 5.94
Surface-FE (pocket) 8.6x10' 17.80 2.04x10*x T2 3.97
Surface-ZZ 1.5x10" 19.20 1.44x100xT2292 5.61
Al1-FE 3.4x10" 15.70 4.89%x106x T3 5.42
Surface® 4.67x107xT'6% 16.50 - -
A1-FEP 5.38x107xT!'382 15.67 - -
A1-FE¢ 6.75x108xT!910 15.61 - -
A1-FE! - - 4.03x10" 431

 The rate constants in this work are fitted into the expression of k=4 T"exp(E4/RT) .

b .
Rate constants of HB reactions are taken from Hou et al. [7].
“Rate constants of HB reactions are taken from Liu ef al. [8].
d . . . .
Rate constants of HD reactions are taken from Nicovich and Ravishankara [51].

Table 2 summarizes all per-site rate constants in Arrhenius expressions recommended for kinetic
models. We fitted the reaction constants of three sub-groups of sites including 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 surface FE sites is ~2.3 times of the FE sites at the pocket highlighting their limited
accessibility. Rate constants of surface HB reactions calculated by TST method from Hou et al. [7] and
Liu et al. [8] are also listed in Table 2 for reference. The HD reactions are in the range of 3.97 to 5.94

kcal/mol, which agree with the values of 4.31 kcal/mol from Nicovich and Ravishankara [51].
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3.4 Surface diffusion

The impact of surface diffusion on the overall reaction rate is further investigated to reveal the full
image of reaction dynamics of H atoms on PAHs. Figure 11a illustrates an example that the incident H
atom undergoes an HB reaction after the third collision on the pocket sites of particle surface. A similar
example for 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 surface diffusion induced reaction. The
number of sites that an incident H atom visits in each trajectory (Ng;) and its distribution for all five
models are illustrated in Fig. 11b. Each row represents the distribution of N;, for a particular case from
1500 to 2700 K, and the median value of N, is marked by white dots. For PAH monomers, the median
values of Ng;, are 1 and 2-3 for 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 Ny of 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 surface C
atoms, the incident H atom in fact collides on more than one C atoms at the same time, resulting in that
the Ny of C atom exceeds one. Therefore, the collisions between the incident H atoms and PAH
monomers are governed by the specular scattering as expected. The distributions of Ng;;, for 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 [52]. For the quasi-surface models, both Ng;:, of 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.
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Figure 11 (a) Snapshots of trajectories for surface diffusion induced HB and HD reaction on A19s. (b)
The number of C and H atoms visited by the incident H atom after the collisions on 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 figure. The van der Waals potential energy surface of (c) A19 and (d)
A109s. 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.

We also learned that the Ny;, is almost independent on the temperature (Fig. S9), however, this
does not agree with the previous understanding of gas-nanoparticle scattering [49] as the kinetic energy
of incident atoms impacts the scattering mode. This might be attributed to the good ability of energy
accommodation in PAH molecules. To understand the discrepancy between the surface diffusion on PAH

monomers and quasi-surfaces, the van der Waals potential energy surface of A19 and A19s were
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constructed following the method of Lu and Chen [53], and visualized using Multiwfn program [54]. An
H atom was used as a probe to calculate the potential energy surface. A negative potential energy (i.e.
E, 4y ) indicates that the incident H atom is attracted by the neighboring atoms. Since the average incident
kinetics energies of H atoms are in the range of 4-8 kcal/mol at 1500-2700 K, which are comparable with
the van der Waals potential on particle surface. It is expected that the incident H atoms exhibit weak
attractions from surface atoms before collision. As shown in Fig. 11c and d, the E,4, values of A19s is
larger than that of A19 (absolute value), suggesting that the attractions in the quasi-surface models are
stronger. The spatial distribution of E,;, for A19 is uniform, while the pocket sites of quasi-surface
models show a larger E,z, by ~0.5 kcal/mol compared to the flat regions, and this supports the
enhancement of collisions in the pocket sites (Fig. 8).

The representative collision dynamics of 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 ~5 kcal/mol in the first collision at ~260 ps,
then experiences multiple collision to gain and lose kinetics energy. Finally, it gains ~9 kcal/mol from the
last collision (~1460 fs) to overcome the surface attraction (Fig. 11d) resulting in the desorption from the
surface. Note 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
surface H atom to release a H> molecule. The incident H atom collides with the surface at 510 fs and loses
~4 kcal/mol 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 ~2180 fs, the kinetic energy of the incident H
atom reaches up to 20 kcal/mol, which overcomes the energy barrier of HB reactions (~16.5 kcal/mol) [7],
and an HB reaction occurs. Similarly, the acceleration of H atom during the surface diffusion can lead to

an HD reaction as well (Fig. 12c¢).
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Figure 12. Kinetic energy profiles of an incident H atom in three representative 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 Supplementary Materials.
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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 [49], 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 probability of surface diffusion in all trajectories are discussed together with the proportions of
surface diffusion induced HB and HD reactions (Fig. 13). We selected Ny > 2 as a critical value to
recognize the surface diffusion. The diffusive scattering only accounts for 0.91-1.44% of all collisions
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 is insignificant
(~4 %) in the cases of PAH monomers as expected, and the reactions can be approximated as the product
of a single collision. By contrast, ~50% of both HB and HD reactions proceeds 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, Langmuir-Hinshelwood (LH)
mechanism. In LH mechanism, two reacting species are chemisorbed on the catalyst surface, and surface
diffusion events drive the two species together before a reaction takes place [55]. Examples of the LH
mechanism are seen in the systems of H + H-absorbed Ni(100) [56], H + Cl-adsorbed Au(111) [57] and
H + H-absorbed graphite [58]. Nevertheless, 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 models

for soot.
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Figure 13. The contribution of surface diffusion (Pg;ss) into the HB reactions, HD reactions and all
collisions for cases of Al, A7, A19, A7s and A19s. The green, orange and blue represent the Pgy;rr in

HB reactions, HD reactions and all collision events, respectively. The error bars are one standard deviation

computed by the bootstrapping resampling method.

Soot particles have complex surface structures including cross-linking [59], heteroatoms [60] and
curved PAHs [61], and the current model focuses on a series of simplified quasi-surface models that only
involves C-H sites. But we believe the surface diffusion induced reactions exist in other cases. When the
surface evolves to carbon-rich configurations as soot become mature, the preferred reaction pathway
might be switched from HB reactions to HD reactions. The HD reactions could super-hydrogenates the
particle surface, which weaken the C-backbone and accelerate the fragmentation upon collisions or
photoionization [62,63]. A further study on the fate of the product of HD reactions is critical to assess its
impact on the surface reactions. Besides H atoms, other radical species, i.e. OH and CHj3, also play an
important role in the PAH chemistry. A competition between abstraction and addition reactions among
these species is expected, and the rate of each reaction pathway depends on the local potential energy

surface.
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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 structure of monomers and quasi-surface models are investigated by solvent-
excluded surface (SES) area. For PAH monomers, it is found that the percentage of surface hydrogen
atom (ay) decreases with the PAH size, resulting in the preferred reaction pathway changing from HB
to HD reactions. By contrast, the quasi-surface models exhibit weak dependence on the PAH size due to
the similar ay. Furthermore, several reactive sites are highlighted to understand the effects of surface
area, incident angle and van der Waals potential on the reaction dynamics. We observed the phenomenon
of 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 particle surface due
to the gain of kinetic energy from surface atoms. This type of unexpected reactions prevails in the models
of the quasi-surface sites, resulting in one order of magnitude enhancement of reaction rates than 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 works are required to determine the intensity of surface diffusion
and its impact on the reaction pathway among more complex surfaces (involving C rich, cross-linking,
curved PAH) and gas species (OH, CH3). However, the surface diffusion phenomena should always exist
on particle surface, and becomes stronger as particle size increases. We anticipate that the surface reactions
in the events of surface diffusion discovered here also applies to other gas-surface reactions, which is of

critical significance for our understanding of chemical reactions in surface reactions. Also, we expect that
31



our results can stimulate the development of experimental methods to explore such unexpected
phenomenon from the basis of reaction kinetics in soot formation.
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