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The surface reactivity of carbonaceous nanoparticles is revealed from the barrier height
and reaction enthalpy of hydrogen abstraction reaction by H radicals computed at the
MO06-2X/6-311g(d,p)//B3LYP/6-311G(d,p) level of theory. Small polycyclic aromatic
hydrocarbon (PAH) clusters are selected as the model system of carbonaceous
nanoparticles. The PAHs considered are naphthalene, pyrene, coronene, ovalene and
circumcoronene. Cluster sizes range from dimer to tetramer with a parallel or crossed
configuration. All results show similar values as that of monomers, but naphthalene dimers
with a crossed configuration yield a lower barrier height and reaction enthalpy by ~2 kcal/
mol. A minor size dependence is noticed in the series of naphthalene clusters where a
larger cluster exhibits a smaller barrier height. Larger homogeneous PAH clusters in a size
range of 1.1-1.9 nm are later generated to mimic nascent soot surface. It is found that the
barrier height decreases with the increase in particle size, and the averaged values are
~2 kcal/mol lower than that of monomers. More importantly, a larger particle shows a wider
spread in barrier heights, and low barrier heights are seen in the surface shallow regions
(e.g., surface pockets). The lowest barrier height of ~8.5 kcal/mol is observed at a C-H site
locating in a surface pocket. A set of model systems are built to reveal the underlying
mechanism of reduction in barrier height. It is shown that the reduction is caused by local
interactions between the neighboring atoms and the local curvature. Further analysis on
the average localized ionization potential shows that larger particles have higher reactivity,
further supporting our findings from the barrier height of hydrogen abstraction reactions.
Therefore, it is concluded that the surface reactivity depends on the particle size and the
most reactive sites always locate at the surface pockets.

Keywords: carbonaceous nanoparticles, DFT, energy barriers, H abstraction, surface reactions

INTRODUCTION

Surface reaction is a key process in the mass growth of soot formation (Frenklach and Wang, 1991;
Frenklach, 1996; Appel et al., 2000; Wang et al., 2015). For instance, the predicted particle size
distributions in a stretch-stabilized ethylene flames are ultra-sensitive to the parameters in surface
reactions (Camacho et al, 2017). Besides mass growth, surface reactions also account for soot
oxidation (Camacho et al., 2015), which relates to the mitigation of soot emission in practical
combustors. The oxidative reactivity of soot particles formed from conventional and reformulated
fuels has complex impacts on the fuel consumption, engine performance, lubricant oil degradation in
the road vehicles (Sharma et al., 2016). Recently, Lapuerta and the coworkers (Lapuerta et al., 2020)
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Wang et al.

reviewed the soot reactivity on diesel filter regeneration,
suggesting that surface properties, i.e., surface area, solid-gas
reactions and soot porosity, determine the regeneration process.

In soot models, surface reactions were usually treated as the
analogy of gas-phase reactions, i.e., a reaction of polycyclic
aromatic hydrocarbon (PAH) and radicals. However, not all
soot surface can react with radicals at flame conditions, a
steric parameter o was therefore proposed by Frenklach and
Wang (1991) to account for the probability of successful
collisions on the reactive sites. In the following works,
parameter o was refitted against a wide range of experimental
results, such as soot volume fraction (Frenklach and Wang, 1991;
Dworkin et al., 2011; Khosousi and Dworkin, 2015), but none of
the works agree with each other. Recently, we extracted the
parameter « from microscopic representations of nascent soot
using molecular dynamics method (Chen and Luo, 2020), and
our work demonstrated that large uncertainties exist in the
parameters of surface reactions, such as the steric parameter o
and the active number density of active sites x;. The impact of the
uncertainties on reaction rates are equivalent to the reduction of
the energy barrier of surface reactions by 7.2 kcal/mol at 2000 K.
It is worth noting that the barrier heights in surface reactions is
never directly estimated and it is always assumed to be the same
as the analogous gas-phase reaction in the last three decades.

The key pathway of mass growth in surface reaction is
governed by the well-known HACA mechanism (Appel et al,
2000), where the Arrhenius parameters of hydrogen abstraction
and C,H, addition reactions are directly taken from the gas-phase
reaction. The barrier heights (AE,) and reaction enthalpies (AH,)
of hydrogen abstraction from planar PAHs with H radicals (Hou
and You, 2017) are well benchmarked using the CCSD(T)/CBS
level of theory. In particular, the AE, and AH, for benzene is 15.6
and 7.9 kcal/mol, respectively. Also, hydrogen abstraction
reactions on aromatics exhibit a minor site dependence (Liu P.
etal., 2019). In the formulation of ABF model (Appel et al., 2000),
the reactive C-H site on particle surface locates at the aromatic
bay. From density functional theory (DFT) calculations, C-H
bonds locating at the aromatic bay exhibit a repulsion from the
neighboring atoms, and the bond dissociation energy is typically
reduced by 1-3 kcal/mol (Cioslowski et al., 1996). Therefore,
Appel et al. (2000) reduced the activation energy of H abstraction
reaction on particle surface by 3 kcal/mol to account for the above
effect.

The potential energy surface (PES) of soot particle
significantly differs from PAH molecules, which should impact
the surface reactivity. The soot TEM images (Wan et al., 2018;
Pfau et al,, 2020) showed that the surface is made of various
defects. In the catalysis community, it is well known that the
crystal phase impacts the catalytic activity. Liu et al. (2017)
reviewed the effects of crystal phase in Fischer-Tropsch
catalysts, for example, cobalt, ruthenium, iron, iron carbides
and nickel nanoparticles; the catalytic capacities show a clear
dependence on the crystal phase. Similarly, in the low-
temperature CO oxidation (Li et al, 2014), the catalytic
activities of anatase is much higher than that of rutile in the
tested conditions. Also, surface defects (e.g., kinks and steps) on
the catalyst surface could provide active sites for surface reactions
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to enhance reactivity and even selectivity (Chen et al., 2019;
Kopac et al., 2019). Although soot is a type of amorphous material
and does not show a well-defined crystal structure, the knowledge
derived from catalysis community makes us to question whether
complex surface (local textural arrangements) of nascent soot
impacts the reaction kinetics. This issue would justify the
reduction in the surface reactions in the ABF model. Besides,
surface reactions for mass growth always occur on the boundary
of particles (Grancic et al., 2016) due to the geometric effect. By
contrast, soot particles might undergo internal oxidation
reactions under oxygen-rich environments (Sediako et al,
2017; Macian et al., 2019), and the complex potential energy
surface inside a particle must impact the energy barrier to an
extent. Nevertheless, the energy barrier of surface reaction should
be lower than that occurring in the gas-phase reaction due to
interactions from the neighboring components.

The development of soot molecular representations started
from the homogeneous clusters of planar PAHs up to ~8 nm in
diameter (Chen et al., 2014; Chen et al.,, 2015b). Bowal et al.
(2019a) extended the previous attempt and successfully created
heterogenous clusters of planar PAHs, for example, a cluster with
50 circumcoronene and 50 coronene. Later, clusters with curved
PAHs, i.e., corannulene, were generated from molecular dynamic
simulations (Bowal et al, 2019b). Recently, heterogeneous
clusters with cross-linked PAHs (Pascazio et al., 2019) were
available using reactive molecular dynamic simulations. The
applications of these model systems of soot can be seen in the
solid-liquid morphology transition (Chen et al., 2014; Chen et al.,
2015Db), surface reactivity (Chen and Luo, 2020) and also optical
properties (Liu C. et al.,, 2019; Chen and Wang, 2019b). In this
work, we explore the energy barriers of hydrogen abstraction
reactions from a set of model systems of soot by H radicals. The
clusters with planar PAHs are selected as the model system to
mimic the complex soot surface. The DFT method is used to
compute the energy barriers of small PAH clusters with five
PAHs, ie., naphthalene, pyrene, coronene, ovalene and
circumcoronene. A few PAH clusters with up to 15 monomers
are generated to represent nascent soot, and their energy barriers
for hydrogen abstraction reactions are estimated using a frozen
algorithm. The size dependence of energy barriers is then
discussed, and the location with reduced barrier heights are
further examined in detail. Also, a set of model systems are
built to reveal the physics behind the reductions in barrier
heights. Last but not the least, the analysis of average local
ionization potential is carried out to support our findings.

COMPUTATIONAL METHODS

The dimer, trimer and tetramer of naphthalene and pyrene
together with the dimers of coronene are generated from
geometry optimizations at the B3LYP/6-311G(d,p) level of
theory with an empirical dispersion correction (Grimme et al.,
2010). The dimers of ovalene and circumcoronene are optimized
at the B3LYP/6-31G(d) level of theory to reduce the
computational cost. All optimized geometries are confirmed by
analyzing vibrational frequencies, and the ZPE vibrational energy
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FIGURE 1| Optimized configurations of naphthalene clusters. The size of cluster from left to right is dimer to tetramer. The upper and lower panel presents a local
minimum with a parallel (A) and a crossed (B) configuration, respectively. The layer separation and the rotation angle between planes are indicated on the figure.

is scaled by 0.977 (Andersson and Uvdal, 2005). The optimized
configurations of naphthalene, pyrene and coronene clusters
from dimer to tetramer are shown in Figure 1, and
configurations of other PAH clusters are included in the
supplemental material (Supplementary Figure S1). The layer
separation lies in the range of 3.3 A and 3.5 A depending on the
size of monomers.

Considering the multiple sites of surface reactions, an in-house
python code is applied to generate initial configurations for both
transition state and product optimization at each potential site for
hydrogen abstraction reactions automatically. In particular,
surface atoms are identified using the solvent-excluded surface
with a probe size as 2.0 A (Chen et al., 2015a; Chen and Luo,
2020). The barrier heights and reaction enthalpies (0K) for
hydrogen abstraction reactions are derived from single-point
energy calculations at the MO06-2X/6-311G(d,p) level of
theory with an empirical dispersion correction (Grimme
et al., 2010). The accuracy of our method was evaluated in
a previous work (Hou and You, 2017), and the uncertainties
compared to the CCSD(T)/CBS level of theory were less than
1 kcal/mol for the barrier heights and reaction enthalpies
(0K) of H abstraction reaction on the benzene and
naphthalene. Gaussian 09 program is used to carry out the
DFT calculations (Frisch et al., 2009).

The multi-configurational character of PAH clusters is
investigated by considering T1 diagnostics at the CCSD(T)/cc-
pVDZ level of theory. In particular, a naphthalene trimer with a
parallel configuration is selected to react with H radical. All of the
T1 diagnostics for the reactant, the product and the transition

state are less than 0.02, which supports our application of the
single-reference method for single-point energy calculations (Yu
and Truhlar, 2014).

Besides the optimized structures, we generate six larger PAH
clusters to mimic the complex surface of carbonaceous
nanoparticles, including naphthalene;,, naphthalene;s, pyrenes,
pyrene; o, coroenes, and coronene;, clusters. The corresponding
particle diameter is 1.47, 1.71, 1.31, 1.69, 1.46, and 1.87 nm,
respectively. These clusters are equilibrated using MD
simulations above the melting points of each configuration
(Chen et al, 2014; Chen et al, 2015b), and the selected
temperatures lie in the range of 500-1000 K. The potential
functions for C-C, C-H and H-H interactions are described by
the isoPAHAP potential (Totton et al, 2012). Note the
configurations taken from MD trajectories correspond to a
transient structure rather than a locally preferred
structure. The morphology of these clusters (Figure 2) is
consistent with the liquid-like structures in previous works
(Chen et al., 2014; Chen et al., 2015b). An additional
configuration (e.g., naphthalene;s ,) is also included, and
its results agree with those of naphthalene; 5 (see Supplementary
Figure S2).

The saddle point for hydrogen abstraction reactions on the
models of nascent soot (Figure 2) is investigated by considering
only the H radical and the substituted hydrogen atom during the
optimization process, while other atoms are frozen to reduce the
computational costs by at least one order of magnitude. The
computational error of the current frozen scheme is examined
using a naphthalene tetramer, a pyrene trimer and a coronene
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FIGURE 2 | Model systems of nascent soot, including naphthaleneo, naphthalene;s, pyrenes, pyreneso, coroenes, and coronene;q clusters. The orange stack
highlights the maximum stacks in the configurations.

TABLE 1 | The errors in energy barriers of transition states using different frozen schemes and the respective ZPE corrections.®

Case Errors in the Errors in the frozen scheme with ZPE corrections
selected frozen scheme® 3 A as the criteria®

napthalene,® 2.56 +0.13 1.83 + 0.12 1.73 + 0.08

pyrenes® 2.55 +0.16 1.85 +0.14 1.77 £ 0.10

coronene,® 2.40 + 0.28 - 1.76 + 0.08

“All energies are in kcal/mol. Only the parallel configurations are considered. The uncertainties refer to one standard deviation in the predictions of energy barriers.

POnly the hydrogen radical and the abstracted hydrogen atom are not frozen in the searching of the saddle point.

°The hydrogen radical and any neighboring atoms within 3 A away from the radical are not frozen in the searching of the saddle point.

932, 30, and 24 transition states are explored for napthalene,, pyrenes and coronene, clusters, respectively. The + values refer to one standard deviation in the predicted errors.

A B
Naphthalene, 16.5 Naphthalene,
Naphthalene, Naphthalene; ———
Naphthalene, .
] Naphthalene, LI
s =
Pyrene, > i gl o i
N~ Pyrene, j:j\ J
Fyrenes AE,=14.6 AH,=6.7
Pyrene;
Coronene,
Ovalene Coronene,
v 2 B Parallel
Circumcoronene, 1 Crossed Ovalene,
L L L L L 1 T 1 1
14 15 16 17 18 19 20 6 7 8 9 10 11 12
Barrier height, AE, (kcal/mol) Reaction enthalpy, 4H, (kcal/mol)

FIGURE 3| The barrier heights (A) and reaction energies (B) for hydrogen abstraction from small PAH clusters by H radicals. The transition state of a naphthalene
dimer with the lowest barrier height among all optimized configurations is highlighted in Figure 3A. The structure showing the least reaction enthalpy for H abstraction
reaction is included in Figure 3B. The dashed lines refer to the average barrier heights and reaction energies of optimized monomers at the M06-2X/6-311G(d,p) level of
theory as 16.5 and 8.5 kcal/mol, respectively. The red error bars refer to one standard deviation from the results on different sites within the particular case.

dimer with a parallel configuration (Table 1). The full optimized  include more atoms in the optimization, it is still not
transition state calculations at the M06-2X/6-311G(d,p) level of =~ recommended because the searching algorithm of transition
theory are treated as the benchmark to evaluate the uncertaintyin ~ states would pull back the neighbouring hydrogen atoms to
our frozen algorithm. The selected frozen scheme overestimates  the equilibrated position of C-H bonds and significantly
the barrier height by ~2.50 kcal/mol on average, which is mainly ~ reduce the overall barrier heights. Note that the clusters in this
due to the zero-point energy (ZPE) correction (1.75 kcal/mol). ~ work are snapshots sampled at high temperatures, and the
Although the errors in the frozen scheme can be reduced to the  neighbouring hydrogen atoms in C-H bonds might sit far
level of ZPE corrections by applying a distance thresholdof 3Ato  away from the equilibrated position. It is evident that the

Frontiers in Mechanical Engineering | www.frontiersin.org 4 August 2021 | Volume 7 | Article 738354


https://www.frontiersin.org/journals/mechanical-engineering
www.frontiersin.org
https://www.frontiersin.org/journals/mechanical-engineering#articles

Wang et al. Surface Reactivity of Carbonaceous Nanoparticles
A 05 0.5 0.5 —
Cases u o Cases U o Cases u o
oal NAP, 1492 108 04 PYR; 1521 1.04 04l CORy 1477 135
NAP; 14.58 167 mAR PYR, 1538 130 W\ COR,, 1499 1.08
0.3 \ 0.3 M 0.3 NT]
0.2 0.2 0.2
0.1 I 0.1 0.1
NAP,, PYRg COR;
Ww 0.0 0.0 | 0.0 H
[a] 6 8 10 12 14 16 18 20 6 8 10 12 14 16 18 20 6 g 10 12 14 16 18 20
o 0.5 0.5 0.5
NAP5 . PYR, CORy, M
0.4 0.4 M 0.4 l_
0.3 0.3 0.3 [ Il
0.2 0.2 l-‘ 0.2
0.1 Wd ,-m 0.1 | 0.1
ol ma N /1l ’h o W )
6 8 10 12 14 16 18 20 6 8 10 12 14 16 18 20 6 8 10 12 14 16 18 20

NAP;,

PYR,

Barrier height, AE, (kcal/mol)

COR

PYRy, CORy

White: Carbon

Light red: AE, >13.5 kcal/mol

Dark red: AE, <13.5 kcal/mol

AE, < 13.5 keal/mol, respectively.

FIGURE 4 | (A) The barrier heights for hydrogen abstractions from selected naphthalene (NAP), pyrene (PYR) and coronene (COR) clusters by H radicals. The blue

bars represent the results of the smaller clusters, while the larger ones are illustrated by yellow bars. A correction of 2.5 kcal/mol is included to account for the errors in the
frozen algorithm. p and ¢ represent the mean and standard deviation of the fitted gaussian distributions. (B) The spatial distributions of barrier heights on each surface
hydrogen atoms. The white, light red and dark red refer to surface carbons, surface hydrogens with AE, > 13.5 kcal/mol, and surface hydrogens with

frozen scheme with 3 A as the critical criteria yields unphysical
barrier heights as 3.5kcal/mol for the napthalene;s cluster
(Supplementary Figure S3).

RESULTS AND DISCUSSION

We report DFT calculations of barrier heights and reaction
enthalpies (0 K) for hydrogen abstraction reactions at all
potential sites of small naphthalene, pyrene, coronene,
ovalene and circumcoronene clusters as shown in
Figure 3. The results show that the calculated AE, are very
close to that of monomers (e.g., 16.5 kcal/mol of benzene),
and the dimer data falls in the similar range as a previous
work (Hou and You, 2017). A naphthalene dimer with a

crossed configuration yields a smaller value as 14.6 kcal/mol,
while the AE, of its counterpart with a parallel configuration
is 15.9 kcal/mol. By contrast, the crossed configuration of
coronene dimers have a higher AE, than the parallel
configuration. Other cases show no differences considering
both isomers. The obvious difference between reaction
barriers of crossed and parallel naphthalene dimers can be
attributed the significant geometry change in the transition
state (see the configurations in Figure 3). For a naphthalene
dimer with a crossed configuration, it rotates along the
central plane by ~30° to access the transition state.
However, no such rotation is seen in the trimer and
tetramer. One interesting trend should be emphasized
here; AE, is weakly dependent on the particle size. As the
size grows from dimer to tetramer of naphthalene, a reduced
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errors in the frozen algorithm. 1 and o represents the mean and standard two coronene molecules and one naphthalene is considered. The blue, black
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AE, is observed, and pyrene cases follow this trend. Although
the reduction is minor (~1 kcal/mol), this raises a question
whether this dependence can be extrapolated to larger sizes.

For reaction enthalpies (0 K), most of the computed values are
close to the values of monomers (e.g, 8.5kcal/mol). Again,
naphthalene dimers with a crossed configuration exhibit the
lowest reaction enthalpy as 6.7 kcal/mol. It was found in
previous works (Cioslowski et al., 1996; Hou and You, 2017)
that the hydrogens locating at the bay site exhibit repulsive forces
weakening the C-H bonds by 1-3kcal/mol. However, the
reduction in naphthalene dimers with a crossed configuration
does not share the same physical reason. In our case, the layer
separation is 3.49 A (Figure 1), falling in the weak attraction
region, and thus the neighboring hydrogens do not experience
repulsions. Instead, an obvious intermolecular deformation is
seen in the product of abstraction reaction, and this preferred
complex yields a reduced energy resulting the reduction in the
overall AH, Also, no size dependence is observed in reaction
enthalpies.

Six larger PAH clusters with sizes from 1.3 to 1.9nm in
diameter are further selected to mimic the surface of nascent
soot (Figure 2). The reported energy barriers are deducted by
2.5 kcal/mol as a correction taken from the frozen algorithm. The
average AE, of all six cases fall in the range of 14.4-15.1 kcal/mol,
and again, it is evident that the AE, of the abstraction reaction
shows a minor size dependence. A larger particle has a wider
spread in the AE,. For example, the sigma value of the NAP;5
cluster is roughly doubled compared to the smaller counterpart.
The magnitude of spread correlates with surface complexity, and
a larger surface usually exhibits more textual arrangements. It is
found that only ~10% of all calculated cases have a AE, higher
than 16.5 kcal/mol, suggesting that the surface reactivity of soot
always higher than that of monomers. Also highlighted in

and an “inward” configuration, respectively. The rotation angle for both
“outward” and “inward” cases is 15 degree. “C-H site” highlights the
abstracted hydrogen atoms from model systems. Note that the results are
extracted using the frozen scheme.

Figure 4B is the spatial distribution of AE, on each cluster.
We classify the data into two cases for discussion, e.g.,
AEy>13.5 kcal/mol and AE, < 13.5 kcal/mol. It is shown that
most of the edge hydrogens on stacks fall in the former cases, and
their reactivity is close to the monomer. At some surface shallow
regions (e.g., pockets (Chen et al., 2015a)), the AE, is reduced by
at least 3 kcal/mol, which cannot be explained by the molecular
repulsion in monomers (Cioslowski et al., 1996; Hou and You,
2017). In the original ABF model (Appel et al., 2000), a reduction
of 3 kcal/mol is applied to account for the effect of molecular
repulsion. Our results show that the AE, of abstraction reactions
at the surface pockets would require further reduction. For
example, the lowest AE, seen in all cases is ~9.0 kcal/mol
(about the half of the barrier seen in monomers). Together
with the weak dependence on the particle size, we would
expect a lower AE, if extrapolating the particle size to larger
values. However, the selected clusters in this work are smaller
than 2 nm in diameter. It is still questionable whether the weak
dependence of surface reactivity on the particle size can be
extracted to larger soot particles. This size dependence of
surface reactivity still requires future investigations.

Although a Gaussian distribution is fitted in Figure 4, we do
not argue that the underlying distribution must be Gaussian-
like. Instead, obvious failure can be noticed from both the
cases of pyrene and coronene clusters. The fitted distributions
here serve as the guidance to quantitively compare the
different cases. Figure 5 includes all data from the six
simplified soot models. The reported barrier height is
14.96 + 1.32kcal/mol. In all data, the number of cases
with a barrier height lower than 13.5kcal/mol is 12.15%.
The detailed distributions of AE, for each case are included in
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Supplementary Figure S4. Most of the cases are well covered
by the treatment in original ABF model (Appel et al., 2000),
however, the importance of these low-value barrier height
remains uncertain for future reference.

We then take a step further to investigate the reduction in
AE,. Model systems of COR,NAP; clusters are generated with
three different arrangements (Figure 6): 1) “perfect parallel”,
2) a stack of three PAHs with the angle between the upper
coronene and naphthalene as 15° (termed as the “outward”),
3) a stack of three PAHs with the angle between the upper
coronene and naphthalene as 15° (termed as the “inward”). In
all cases, the layer separation between planes is kept as 3.3 A
and the lower coronene is the mirror image of the upper one.
The frozen algorithm with a distance threshold of 3 A is again
used to calculate the barrier heights of COR,NAP; clusters. It
is found that the reduction of barrier height depends on the
relative distance between the naphthalene and the other
coronene molecules. A reduction in the barrier height is
observed when moving naphthalene inward in all three
cases. The local curvature is also an important factor; the
“inward” cases yield a reduction of ~4 kcal/mol, while the
maximum reduction in the “outward” is ~0.5 kcal/mol. In the
“inward” cases, the distance between atoms in coronene and
the abstracted site could be as low as 2.6 A, which is much
smaller than that of other cases. At such conditions, the
abstracted site exhibits a strong repulsive force from

neighboring species, and this corresponds to the bay site
(Cioslowski et al., 1996; Hou and You, 2017) causing a
reduction in barrier height. However, both “perfect
paralle]” and “outward” cases lie in the attraction regions,
and the repulsion mechanism cannot explain the moderate
reductions in barrier height. This phenomenon may relate to
the delocalization of pi electrons which weakens the C-H
bonds or the formation of weak hydrogen bonds (<4 kcal/
mol). Although this set of model systems does not yield a large
reduction as ~8 kcal/mol, it reveals the fundamental reason in
the reductions of barrier height. Considering larger particles
with more complex surface, we expect to see a wide range of
possible configurations, which might be the analogies of the
simplified cases.

Average local ionization energy (ALIE) (Sjoberg et al., 1990)
describes the site reactivity of electrophilic or radical attack on
aromatic species. Here, we include the ALIE analysis to examine
the surface reactivity of our model systems. The ALIE is
computed as

: p, (1)l
=255

where p,(r) is the electronic density of the ith molecular orbital at
the point r, p, ,(r) is the total electronic density at the point r and
l&;| is the orbital energy. The electron density of NAP and PYR
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clusters is computed at the B97D/6-311G(d,p) level of theory and
the ALIE is extracted using Multiwfn (Lu and Chen, 2012). The
numerical errors of reported ALIEs are within 0.03 eV, for
example, some carbon atoms in NAP should share the same
ALIE, but the optimized structure is not strictly symmetry
causing an error of 0.03 eV in the prediction of ALIE.

The location of the minimum ALIE is first discussed as it
always refers to the most reactive sites. Figure 7 shows the
spatial distribution of ALIE values within NAP and PYR
clusters. The ALIE values are projected onto the iso-surface
of electron density as 0.001 A™>. For the NAP monomer, the
minimum ALIE locates on the top and bottom of the pi-plane,
and the alpha site exhibits a slight higher reactivity, which is

consistent with a previous work (Hou and You, 2017). Further
increasing the PAH size to a tetramer, we see a minor decrease
in the minimum ALIE. Also, it is noted that the parallel and
crossed isomers share almost the same minimum ALIE, and
the difference is within 0.03 eV. The minimum ALIE of NAP,,
and NAP;s clusters is 7.40 and 7.24eV, respectively.
According to a recent analysis of various aromatic species
using ALIE (Martin et al., 2019), the most reactive sites in
both NAP,, and NAP,5 clusters shares similar chemical
reactivity as localized m-radicals, which can cause potential
crosslinking reactions. For PYR clusters, the changes in the
minimum ALIE follow the same trend, and the value is
reduced from 7.8 to 7.4 eV considering a PYR;, cluster. In
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both cases, the minimum ALIE always locates at the surface
pockets highlighting the enhanced reactivity within pockets.
This is consistent with the indications from AE, (Figure 6).
Furthermore, it is interesting to note that the minimum ALIE
of particles have a size dependence and a larger particle shows
a lower minimum value. Therefore, it is evident that the
surface reactivity of nascent soot is proportional to the
particle size.

Figure 8 presents the correlation between ALIE values and
surface area of each atom including both hydrogen and carbon
atoms. The surface area is calculated from the iso-surface of
electron density as 0.001 A3 (Figure 7) (Bader et al., 1987). The
ALIE values cluster into two groups in general (Figure 8); one
group locates in the range of 0-5AZ while the other group
clusters around 15 A®. From the magnitude of surface area, we
can classify the former group as the atoms in the surface pocket
resulting the limited exposure. By contrast, the latter one refers to
a group of bulk atoms, e.g., non-edge carbon in a PAH molecule.
The atoms in the surface pocket show reduced ALIE values,
indicating that the reactivity is higher than the bulk atoms. This
finding supports our statement made from the analysis of
reaction kinetics (Figure 6).

Besides, the reactivity of aromatics can be interpreted using
HOMO-LUMO gap (Randi¢, 2003; Chen and Wang, 2019a). A
lower HOMO-LUMO gap implies a higher reactivity. As we have
known that HOMO-LUMO gaps of homogeneous clusters
decrease with the growth in the particle size, which can be
well captured by the quantum confinement effect (Liu C.
et al, 2019; Chen and Wang, 2019b). As a result, the
indications from HOMO-LUMO gaps further support our
finding in both AE, and ALIE that larger nascent soot
particles have a higher surface reactivity.

Homogeneous clusters are used here as an example to
mimic the nascent soot surface. It is well known that
nascent soot has a complex molecular composition. For
example, recent works reveal that PAH species in nascent
soot carry functional groups including aliphatic and
oxygenated groups using high resolution AFM (Commodo
et al., 2019; Schulz et al., 2019). We expect that functional
groups should have a minor impact on the surface reactivity
owing to their weak interactions with radicals. Our finding
here can be extended to explain the reactivity change in soot
aging (Kholghy et al., 2016), where nascent soot has more
irregular disordered surface pockets and thus its reactivity
prevails. It is revealed that the most reactive sites locates in
surface pockets, but the dynamics nature of pockets (Chen
et al., 2015a) would impact reaction coordinates for surface
reactions. However, this effect requires further investigations
to establish a dynamic picture of surface reactions.

CONCLUSION

We compute the barrier height and reaction enthalpy of
hydrogen abstraction reaction on small naphthalene,

Surface Reactivity of Carbonaceous Nanoparticles

pyrene, coronene, ovalene and circumcoronene clusters by
H radicals. Both clusters with a parallel and crossed
configuration shows similar results as that of monomers,
except naphthalene dimers with a crossed configuration
having a reduced barrier height and reaction enthalpy.
Moreover, it is shown that the barrier height is weakly
proportional to the particle. Further calculations on larger
PAH clusters (e.g., 1.1-1.9 nm) providing extra evidence to
support the size dependence. In addition, surface sallow
regions exhibit the lowest barrier height of hydrogen
abstraction reaction, and the lowest value is ~8.5 kcal/mol,
which is about the half of PAH monomers.

A set of model system is then generated to investigate the
fundamental reason behind the reduction in barrier height for
larger particles. It is found that the reduction in barrier height is
attributed to the intermolecular interactions between
neighboring atoms and the local curvature. Further ALIE
analysis on NAP;, and NAP;s clusters supports the
observations of size dependence in surface reactivity, where
larger particles show a lower minimum ALIE value, indicating
higher reactivity. Besides, it is shown that the minimum ALIE
always locates in the surface pockets, in consistent with the
results from barrier height. Therefore, it is concluded that the
surface reactivity exhibits a size dependence, which is not
previously noticed.
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