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Abstract 

   The surface growth of soot is a key process in its mass growth, depending 

crucially on surface properties. In this work, we directly extract the detailed surface 

properties, such as surface area, number density of reactive sites on a particle and 

parameter α, from the microscopic configuration of PAH clusters. Five 

representative PAHs, including pyrene (C16H10), coronene (C24H12), ovalene 

(C32H14), hexabenzocoronene (C42H18) and circumcoronene (C54H18), are used to 

build the model configurations of nascent soot. We develop a numerical scheme to 

determine the detailed surface properties based on the approximation of solvent-

excluded surface. The assumption of spherical particles is found to introduce a large 

uncertainty in the estimation of the surface area, and the error can be a factor of 2.5 

in the worst case. The number density of atoms or sites on cluster surfaces does not 

depend on the chemical composition of a particle larger than 2 nm in diameter, and 

our study indicates that the number density of hydrogen atom is overestimated by a 

factor of 3 compared to a theoretical limit in the literature. Finally, we propose a 

new equation for parameter α, which includes the effects of the size of gaseous 

species in surface reaction, local temperature, particle size and chemical 

composition. 
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1. Introduction 
The surface properties of particles, especially nanoparticles, have attracted great 

attention from both experimentalists [1-6] and modelers [7, 8] due to its importance 

in the field of nanotechnology. As the particle size approaches to nanoscale, the 

surface area to volume ratio dramatically increases, which underpins many 

nanotechnologies. In the catalysis science, the reactivity of catalyst is dependent on 

the availability of active sites or functional groups which directly interact with 

reactants on the surface [1]. Besides, in the development of highly active 

electrocatalysts, the choice of surface representation is critical to the catalytic 

performance. Experimentally, surface area is usually reported as Brunauer-Emmett-

Teller (BET) surface area derived from nitrogen adsorption isotherms measured at 

liquid nitrogen temperature [4]. Recently, Sun et al. commented that the intrinsic 

activity of electrocatalysts can be artificially misinterpreted using the geometric 

surface area (i.e. disk surface area), and the surface roughness should be seriously 

considered [9]. The topology on the surface of a substance is not only related to its 

reactivity but also its functionality. The high surface area of certain porous materials 

can provide great capacity for chemical storage and thus enables very promising 

applications in hydrogen storage [10]. Similarly, in the investigation of biological 

macromolecules protein-ligand binding systems, the preferred binding site of a 

ligand on the surface of protein is determined by matching the shape 

complementarity between the protein and the ligand [6].  

Surface reactions play an important role in the mass growth of soot, which have 

been investigated using various experimental and theoretical approaches [11-18]. 

A surface reaction involves a gaseous species and an active site on the particle 

surface [19-21]. However, not all the active sites of a particle are available for 

surface reactions due to geometric effects [22-24]. This should be taken into 

account, otherwise the site availability on the surface and thus the rate of surface 

reaction would be overestimated. Considering the complex nature of soot particles 

[25], no experimental method is so far capable of quantifying the fraction of 

inaccessible sites on surface. Instead, Frenklach and Wang [26] proposed a steric 
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parameter, α, to account for the availability of active sites which can react with 

gaseous species via the HACA mechanism. In soot models [21, 26, 27], the rate of 

surface reactions is calculated using the following formula: 

                                                     𝑅𝑅𝑠𝑠 = 𝛼𝛼𝜒𝜒𝑖𝑖𝐴𝐴𝑠𝑠𝑅𝑅𝑔𝑔                                                  (1) 

where Rs is the rate of surface reaction, α is an empirical parameter accounting for 

the probability of a gaseous molecule colliding with reactive sites on particle 

surface, χi is the number density of reactive site i, As is particle surface area, Rg is 

the reaction rate of an analogous gas-phase reaction. This formula was first 

introduced by Frenklach and Wang [26]. However, there are a few underlying 

approximations when applying this formula in soot models. Firstly, the parameter 

α represents a steric phenomenon that should be dependent on the microscopic 

arrangement of a soot particle. Yet, no one has estimated α numerically due to the 

lack of a satisfactory microscopic representation. Secondly, similar to the parameter 

α, χi is difficult to estimate from first principle. The current selection assumes that 

particle surface is covered by PAHs with turbostratic structures. Frenklach and 

Wang [26] reported χH as 2.3×1019 sites/m2 from parallel aromatic stacks. This 

value in fact should be viewed as a theoretical limit of χH and no exact value was 

ever reported afterwards. Thirdly, primary particles of soot are assumed to be 

spherical particles and thus, surface area is usually reported as a spherical-

equivalent area. But in the nano-world, particles do not follow the spherical 

assumption; for example, mature soot particles [28] usually show complex fractal 

morphology with a large proportion of overlapping area and more importantly, 

surface roughness of nanoparticles is an important contributor to surface area, 

which would be neglected if soot particles are considered as spheres [9]. Last but 

not the least, activation energy barrier in surface reactions is assumed to be the same 

as the analogous gas-phase reaction, but this assumption was not verified during the 

last two decades. These four limitations in equation 1 introduced large uncertainties 

of the existing soot models. For example, the sensitivity of parameter α was 

examined in a recent work [29], showing that the selection of parameter α has a 
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significant impact on the predicted volume fractions in premixed stretch-stabilized 

ethylene–oxygen–argon flames. More relevant studies are available in the literature 

[27, 30, 31]. 

 

Figure 1. (a) Selected values of parameter α quoted in existing soot models as a 

function of flame temperature. Solid lines: parameter α is a function of flame 

temperatures (local or maximum); dashed lines: parameter α is a constant over a 

specific temperature range. Open symbols (curve 6 and 7) are taken from ABF 

model with μ1=16 and 100, respectively. (b) The evolution of parameter α from 

1991 to 2015. Cross symbol refers to the cases where parameter α is constant over 

temperature, while other symbols are consistent with those in Fig. 1a. The 

references of all curves are listed on Table A1 in the Appendix. 

Following Frenklach and Wang’s initial investigation, recent studies have further 

investigated parameter α and use it to quantify surface reactions of soot in laminar 

premixed flames [13, 26, 32, 33] and non-premixed co-flow/counter-flow flames 

[34-36]. In these studies, parameter α is found to be a strong function of particle 

size and flame temperature. For example, Appel et al. [27] proposed an equation 

that includes both average PAH size and maximum flame temperature to calculate 

the fraction of reactive surface. In later studies, it is also found that thermal aging 

causes a reduction in parameter α [31]. Kholghy et al. [37] proposed a surface shell 

formation model to account for the reactivity difference between nascent soot and 
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mature soot primary particles, and captured the change in surface reactivity along 

with thermal aging. Nascent soot is mainly composed of PAHs without 

carbonization, while mature soot is carbonized and graphitic as more hydrogen 

atoms are consumed due to surface growth. Such a structural change from 

amorphous to more graphitic significantly reduces the surface reactivity. Therefore, 

the thermal aging effect is critical to revealling surface chemistry for mature soot, 

while limited effect is seen for nascent soot. 

In previous studies of parameter α, it was treated as a free parameter when fitted 

with experiments, while other parameters including χi and Arrhenius parameters in 

Rg are considered as constant values. However, this approach causes errors in the 

fixed parameters to propagate into the fitted parameter α, and thus the nature and 

value of parameter α is buried by errors from other surface parameters in a wide 

range of experiments in different studies. To illustrate this issue, we extracted 

values of parameter α in 18 references (Table A1) and plotted α as a function of 

temperature (local or maximum flame temperature). Overall, 13 correlations are 

established with 4 constant values and 9 functions of temperature. The range of 

parameter α shown in Fig. 1a spreads over two orders of magnitude, i.e. 0.078-5.0 

for 1500-2100 K. More importantly, no indication of any degree of convergence 

can be observed during the development from 1991 to 2015 (Fig. 1b). This 

suggested that each equation of parameter α is only applicable in particular cases, 

unfortunately, and also highlights the potential large uncertainty in PAH chemistry 

as its error propagates into the fitted parameter α. The experimental measurements 

of soot volume fraction using optical methods are widely performed to tune 

parameter α, and the scatter of data points in Fig. 1b also suggests that large 

uncertainty exists in optical properties assumed in the measurements [31]. In 

comparison, the best experiments give an uncertainty of 15% in the forward rate of 

H+O2→O+OH over a wide temperature range of 1100 K to 3370 K [38], whereas 

the uncertainty was a factor of 2 back in 1980 [39]. Unlike the tremendous progress 

in the study of reaction kinetics of small hydrocarbons chemistry, advancement in 

the knowledge about surface reactions of soot has been rather incremental. 
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In soot community, it is an urgent task to reduce the uncertainties in surface 

reactions. 

Basically, we cannot only rely on the fitting of experimental data to extract 

surface properties, where the lack of a satisfactory microscopic representation 

prohibits us from establishing a solid understanding. The PAH cluster is an 

appropriate model system for nascent soot as they share similar physical properties 

such as C/H ratio [40], particle density [41], particle size [42], optical properties 

[43], fringe length and curvature [28]. Recently, Chen and coworkers studied the 

thermostability of homogenous pyrene and coronene clusters as analogues for 

nascent soot particles [44] and demonstrated a phase change due to the addition of 

mass [45]. Also, PAH clusters with larger PAH including ovalene, 

hexabenzocoronene and circumcoronene were built up in a later work [42]. These 

studies provided a series of model representations for soot, which enables the 

theoretical investigation of their surface reactivity. Another preliminary attempt 

was to probe the surface properties of homogeneous pyrene and coronene clusters 

using the above representations and an upper bound of parameter α was directly 

estimated from accessible surface area [46]. Following our previous efforts, in this 

work, we use homogenous PAH clusters as a model system of nascent soot and 

examine the surface properties as a function of chemical composition, particle size 

and temperature. The surface properties include the surface roughness of particles, 

the number density of reactive sites on PAH clusters and the parameter α in the 

context of HACA mechanism. Finally, the findings about all the three surface 

properties are integrated together to illustrate the overall effect on surface reactions. 

2. Computational methods 

The current work studies the surface properties of a number of PAH clusters, PN. 

N denotes the number of molecules, which varies from 50 to 500 in the present 

study. P represents pyrene (PYR), coronene (COR), ovalene (OVA), 

hexabenzocoronene (HBC) and circumcoronene (CIR). The detailed molecular 

structures of these five molecules are shown in Fig. 2. The configurations of these 
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clusters are directly taken from previous molecular dynamics (MD) simulations [44, 

46]. The morphology of the clusters is either solid-like (parallel PAH stacks) or 

liquid-like (an irregular configuration), and they were equilibrated at temperatures 

ranging from 300 to 1300 K. The cluster sizes are in the range of 2.9 to 7.2 nm (see 

Table A2 in the Appendix for details). For any particular clusters, 100 different 

configurations were taken from previous works [44, 46]. The reported surface 

properties are computed by averaging over these configurations and the standard 

deviations are used to present error bars.  

 

Figure 2. Molecular structure of five investigated PAHs (pyrene, coronene, ovalene, 

hexabenzocoronene and circumcoronene). 

Solvent-excluded surface (SES) was used to evaluate the actual surface of a 

cluster, which has been successfully applied in a previous work [46]. The SES area 

was determined by MSMS 6.2.1 program [47] using a “rolling ball” algorithm. The 

contributions of each atom on SES area can be directly calculated, and any atom 

with non-zero contribution is interpreted as a surface atom. This characterisation of 

the surface atoms forms the basis of this work. The radii of carbon and hydrogen 

atoms are taken as their van der Waals radii of 1.7 Å and 1.2 Å, respectively [48]. 

To identify site types (Fig. 3) on the surface of microscopic representations, a 

unique index is assigned to each atom of constituent PAH molecules, such that site 

type can be extracted via mapping atom indices.  

 

PYR (C16H10) COR (C24H12) OVA (C32H14) HBC (C42H18) CIR (C54H18) 
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Figure 3. Five possible types of reactive sites on a PAH molecule. 

The detailed site information of five representative PAH molecules is listed in 

Table 1. The number density of reactive sites (i) on particle surface is defined as:                                                                                                                                                                                                                                                       

                                                           𝜒𝜒𝑖𝑖 = 𝑆𝑆𝑖𝑖
𝐴𝐴𝑆𝑆𝑆𝑆𝑆𝑆

                                                     (2) 

where Si and ASES are the number of reactive site i including H atom, FE, ZZ and 

AC sites on the surface and the solvent excluded surface area accessible to a specific 

probe, respectively.  

Table 1.  The number of H atom, FE, ZZ and AC sites on different PAH monomers. 

Molecule H atom FE site ZZ site AC site 

PYR 10 6 4 0 

COR 12 6 6 0 

OVA 14 6 8 0 

HBC 18 12 0 6 

CIR 18 6 12 0 

Parameter α accounts for the steric effect in a collision event between gaseous 

species and a particle, and it is essentially a probability that the gaseous species 

collide with a “reactive” site instead of unreactive sites such as basal planes. Thus, 

parameter α for site i can be computed via the following equation: 

                                                 𝛼𝛼𝑖𝑖 = 𝐴𝐴𝑖𝑖
𝐴𝐴𝑆𝑆𝑆𝑆𝑆𝑆

                                                      (3) 

where αi is parameter α for reactive site i on particle surface, Ai and ASES are the SES 

area of site i and the total SES area of target configurations.  

Considering particle representations in this work, only H atom can be viewed as 

a reactive site, i.e. αH, and thus, the rest of the paper will focus on αH. It is also 

worth noting that αH is equivalent to αsoot· in the context of HACA mechanism as 

surface reactions start with the abstraction of H atom from particle surface and 

forms a corresponding radical (i.e. Csoot·[26]). Physically, αH refers to the 



 
 

 
 

9 

probability that a C2H2 molecule collides with a reactive site (Csoot·) via addition 

process. As both Ai and ASES can be estimated using the current numerical scheme, 

our method herein enables us to estimate important parameter αH for soot or nascent 

soot for the first time. 

3. Results and discussion 

3.1 Surface roughness of PAH clusters 

Empirically, the spherical-equivalent surface area (Asph) of primary soot particles 

was reported from the measured particle size assuming a spherical configuration. 

In our previous study of soot surface [46], we introduced the SES as an alternative 

representation of the accessible surface. Unlike Asph, SES area (ASES) depends on 

the size of gaseous species (Fig. 4). In this work, we use a series of spherical “probes” 

to represent the corresponding gaseous species from 1.2 to 10.0 Å; a larger probe 

would lead to a smoother surface as the probe neglects the local roughness. For the 

cases of PAH clusters, it is noted that the contribution of hydrogen atom increases 

with the growth of probe size as H atoms lie at the edge of the configuration and 

the large gas molecules always collide on the edge first. Besides, when the probe 

size is less than 0.5 Å, i.e. rP=0.2 Å (Fig. 4A), the probe penetrates into the particle 

configuration and particle surface turns to isolated molecular surface. In this case, 

SES is equivalent to the surface constructed using a volumetric representation of 

atoms, i.e. vdw representation. 

 

Figure 4. Solvent-excluded surface of a COR500 cluster with probe sizes ranging 

from 0.2 to 8.4 Å. rP represents the size of probe radius. The red and white 

corresponds to the surface of carbon and hydrogen atoms, respectively. 
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The surface roughness is presented as the ratio of ASES over Asph. As illustrated in 

Fig. 5, the surface roughness was plotted as a function of probe size for COR500 and 

CIR200 clusters with solid or liquid-like configurations. The corresponding diameter 

for the two representative clusters is 7.2 and 6.5 nm, respectively (Table A1). Four 

representative molecules, i.e. C2H2, benzene, PYR, and CIR, as a probe to illustrate 

the length scale of gaseous species in combustion are highlighted in the figure. The 

probe size has a significant effect on the estimation of surface roughness. An 

increase in the probe size can lead to a reduced surface roughness, indicating that 

particles have a smoother surface when local roughness has been removed. This is 

consistent with our previous analysis on the surface pocket [46] that a small probe 

such as H radical or C atom could access area beyond the boundary of the particle 

surface and penetrates into surface pockets, while larger species could not achieve 

this due to geometric effect. Further investigation reveals that CIR200 clusters show 

a higher degree of surface roughness by 10% compared to that of COR500 clusters. 

The morphology of particle is also a critical factor on the surface roughness and 

solid configurations have a smaller ASES /Asph ratio indicating less surface roughness. 

For COR500 clusters, the ratio of ASES /Asph with probe size of H radical is 2.23 and 

1.50 for configurations at Tr=1.0 and 0.5, respectively. Considering a probe as C2H2, 

the ratio of ASES /Asph is reduced to 1.57 and 1.33. Similar results were extracted 

when analyzing CIR200 as well, but it is about 10% larger. The difference between 

liquid-like and solid configurations vanishes when using larger probes. Further 

increasing the probe size to 10.0 Å, the ratio of ASES and Asph converges to 1.15 and 

1.20 for COR500 and CIR200, respectively. That means, the spherical approximation 

on surface area yields at least 15% error even for a molecule with a radius of 10.0 

Å.  
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Figure 5. Ratios of SES area (ASES) over spherical-equivalent surface area (Asph) of 

COR500 and CIR200 clusters as a function of the probe size. The error bars are 

standard deviations computed from 100 different configurations. The radius lengths 

of acetylene, benzene, pyrene and circumcoronene are highlighted in the plot. The 

data of open and solid symbols are taken from liquid-like configurations at Tr’=1.0 

and solid configurations at Tr’=0.5, respectively. Tr’ is defined as Tr’=Tactual/Tcm, 

where Tcm refers to the melting point of a cluster. 

3.2 Number density of reactive sites (χi) 

The first estimation of χH on soot surface was reported in 1991 as 23.0×1018 

sites/m2 [26]. This value was estimated as two C-H bonds per benzene ring (2.46 Å) 

and the layer separation of benzene stacks was considered as 3.51 Å. Similarly, 

Veshkini et al. [31] calculated χH as 14.0 × 1018 and 11.5 × 1018 sties/m2 for 

benzopyrene and coronene stacks, respectively. These values have been widely 

used in current soot models, but they should be treated as an upper bound of χH. 

Here, we use our numerical scheme to extract the exact χH of benzene and coronene 

stacks. The monomer structures of benzene and coronene are both optimized at 

B3LYP/6-311+g(d,p) level of theory, and we build stacked monomers with up to 

50 monomers, keeping a layer separation of 3.51 Å. Figure 6 shows the dependency 

of calculated χH on cluster size, indicating that a larger cluster size yields a higher 

χH. The values converge to a constant for clusters with 10 monomers, and the 
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corresponding spherical-equivalent diameter is 1.37 and 1.68 nm for benzene and 

coronene clusters, respectively. Such an observation can be explained that SES area 

includes the contributions from both C-H bonds on cluster edge and basal planes 

on the top and bottom of clusters. The contribution from C-H bonds grows linearly 

when increasing the cluster size, while the surface area of basal planes on the top 

and bottom of clusters remain constant. The overall effect causes the contribution 

from C-H bonds to dominate SES area so that χH converges to a maximum value on 

large clusters with 50 monomers, i.e. 7.6 and 8.6 ×1018 sites/m2 with a probe size 

of 2.0 Å for benzene and coronene, respectively. The χH of configurations with more 

than one stack is more representative for a solid particle, and it can be approximated 

by the values reported in Fig. 6. The geometric effect introduced by multiple stacks 

is equivalent to hindering the access of certain C-H bonds on the cluster edge. 

However, most of PAHs have a uniform distribution of C-H bonds, and thus the 

overlapping has a limited effect on the overall χH. 

 

Figure 6. An illustrative estimation of χH on stacked benzene and coronene 

monomers ranging from a monomer to a long stack with 50 monomers. The 

configurations of benzene clusters are shown on the plot, and the spacing between 

monomers is kept as 3.51 Å. The χH is calculated with a probe size of 2.0 Å. The 

literature data proposed by Frenklach and Wang [26] and Veshkini et al.  [31] are 

included as the solid black (benzene) and red lines (coronene), respectively.  
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The previous values of χH from Frenklach and Wang [26] and Veshkini et al. [31] 

are of a factor of 3.0 and 1.3 larger than the calculated values for benzene and 

coronene clusters, respectively (Fig. 6). In the original estimations, surface area was 

treated as a 2D projection of real surface and all the local roughness was neglected. 

Thus, the surface area was underestimated and the corresponding χH represents a 

theoretical limit. However, the SES representation in this work enables us to 

directly estimate the curved surface of particles; the corresponding SES area is 

much larger compared to the 2D approximation, leading to a smaller χH. Moreover, 

our predictions are weakly correlated with the probe size and less than 7% and 16% 

variations are seen when changing the probe size from 1.2 Å to 5.0 Å for benzene 

and coronene clusters, respectively. Therefore, our approach hereby can be used to 

provide a better estimate of χH for soot modelling and the values from both 

Frenklach and Wang [26] and Veshkini et al. [31] shall be replaced with our 

reported values. 

Before we report a preferred value for χH, let us further examine its size 

dependence. Fig. 7 illustrates that both H atoms on the surface and SES area are 

linearly correlated with the square of particle diameter for all the considered PAHs. 

The particle size is determined via a rolling ball algorithm and the details can be 

found in Table A2. Similar correlation can be seen for other surface sites including 

FE, ZZ and AC sites. These observations are consistent with the physics that any 

surface property correlates with the square of particle size. More importantly, this 

indicates an important fact that χi is independent of particle size as χi equals to the 

ratio between Si and ASES, and the dependence on the square of particle diameter 

cancels out. However, considering the detailed parameters of the linear correlation 

reported in Fig. 7, the current observation is only valid for particles larger than 2 

nm in diameter. Similar observation can be made from Fig. 6 that smaller particles 

(<1.5 nm) have a reduced χi as the contribution of the basal plane is comparable to 

that of C-H bonds.  
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Figure 7. The number of H atoms on particle surface (a) and SES area (b) as a 

function of the square of particle size at Tr=1.0. Solid lines are the best fitted lines 

and the R2 of these lines are all above 0.99. Values on the plots correspond to 

specific scaling factors applied on each series of data to avoid overlapping. The 

details of the fitting for both Fig. 7a and 7b are listed Table A3 in the Appendix. 

 

Figure 8. Number density of H atoms on the surface of a COR500 cluster as a 

function of the reduced temperature. The radius of probe is 2 Å which is analogous 

to that of a C2H2 molecule. The configurations of a COR500 cluster at Tr’=0.9 (left) 

and 1.0 (right) are also embedded on the plot. The melting point of a COR500 is 575 

K [44]. The error bars are the standard deviations computed from 100 different 

configurations. 
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We then investigated the impact of particle morphology on the exact value of χi. 

Here χH of COR500 is selected as an example (Fig. 8). Note that this set of data is 

taken from a previous work of surface availability of H atoms on COR500 [46] and 

replotted as χH. It is found that the number density of H atoms on particle surface 

decreases with the increase of temperature. This is unexpected as surface 

availability shows an opposite trend. Stacked configurations tend to form smaller 

stacks and larger surface area at a higher temperature. Thus, the surface availability 

of a specific atom or site is enhanced. However, considering the C/H ratio, more 

basal carbon atoms become accessible to the gaseous species, and the overall effect 

yields a smaller χH as shown in Fig. 8. We also observe an overall 20% reduction 

of χH when comparing the value at the minimum temperature (Tr’=0.4) with that at 

the maximum temperature (Tr’=1.15). In particular, a 10% decline in the χH is seen 

when crossing the melting point, and this can be explained by the morphology 

transition between solid and liquid-like morphology. Once a particle melts, nearly 

all the distinguished stack configurations break apart, and such a sudden change in 

the morphology leads to an obvious decrease in χH. Note that liquid-like 

morphology may be a representative morphology of soot because the typical flame 

temperature lies above 1500 K and particle surface is consistent with irregular 

stacks [49]. In the following section, only the data of liquid-like morphology will 

be discussed. 
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Figure 9. Number density of H atoms, FE, ZZ and AC sites on the surface of liquid-

like PAH clusters at Tr’=1.0. The error bars are the standard deviations computed 

from 500 different samples of the configurations including data for five cluster sizes. 

The dashed lines highlight the corresponding average number density across 

different clusters. The values are computed using 2.0 Å as the probe size and 

average number density of H atoms, FE and ZZ sites is 7.0×1018, 2.6×1018 and 

1.4×1018 sites/m2, respectively. 

We further process the data in Fig. 7 and compute χi as a function of chemical 

composition shown in Fig. 9. It is found that χi is insensitive to the chemical 

composition, and the average number density of H atoms, FE and ZZ sites at Tr’=1.0 

is 7.0×1018, 2.6×1018 and 1.4×1018 sites/m2, respectively. However, the spread of 

χFE for different PAHs is wider compared to χH and χZZ, and the maximum value is 

about two times that of the minimum. Note that only the HBC molecule has AC 

sites and the reported value is 1.0×1018 sites/m2. The calculated χH from different 

sized PAHs is quite close to the results from the simple approximation as that shown 

in Fig. 6. As stacked monomers are analogous to solid configurations, we can 

further take into account the temperature impact as 10% reduction when comparing 

with our estimation for liquid-like configurations. The stacked monomers yield χH 

=6.8×1018 and 7.7×1018 sites/m2 assuming liquid-like configurations for benzene 

and coronene, respectively. These values are consistent with our estimations in Fig. 

9. Thus, stacked monomers can be a potential configuration to estimate the surface 

properties. Comparing previous χH, i.e. 23.0×1018 [26], our computed value is one 

third of the theoretical limit. Nienow et al. [50] estimated χH as 20.1×1018 sites/m2 

by assuming a hypothetical cubic carbon lattice with density as 1.8 g/cm3. Their 

result is close to Frenklach’s estimation [26]. The discrepancy between our 

estimation and their result can be attributed to the inappropriate 2D approximation 

of particle surface and also the difference in particle density that is in the range of 

1.2-1.4 g/cm3. More recently, Blanquart and Pitsch [23] used a value of 10.0×1018 

sites/m2 for χH for small particles with a diameter less than 1 nm, while for larger 

aggregates, they found that χH can reach 70.0× 1018 sites/m2  for a moderate 
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temperature at 1630 K. Although we did not estimate χH for large aggregates 

directly, it is known that particle morphology only has moderate impact on χH (Fig. 

8). Therefore, χH of aggregates is unlikely to reach the value suggested by Blanquart 

and Pitsch [23].  

3.3 Parameter α 

From previous works in the literature [26, 27], we learned that parameter α should 

be a function of chemical composition, and more importantly the temperature of 

local or maximum flame temperature. As shown in Fig. 10, here for the first time, 

we illustrate the chemical composition and size dependence of αH considering PAH 

clusters at Tr’=1.0. The size of included clusters lies in the diameter range of 2.9-

7.2 nm, and no dependence of particle size is observed. Similarly, αH is not 

dependent on the chemical composition as data from different PAH clusters lies in 

a small range from 0.6 to 0.7. Therefore, it is concluded that αH is actually 

insensitive to molecular composition and particle size for all tested PAH clusters at 

Tr’=1.0; the computed αH is 0.65 on average using a probe with a size similar to 

acetylene, which is within an upper bound of αH as 0.8-0.9 from our previous work 

[46]. 

 

Figure 10. Calculated parameter α for H atoms on particle surface at Tr’=1.0. The 

radius of probe is 2 Å which is analogous to that of a C2H2 molecule. The average 

value of all data is highlighted by the black line and is shown as 0.65. 
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The above observation can be explained considering the details on particle 

surface. Since the surface area of active sites is proportional to the number of active 

sites on particle surface, together with an average surface area that each active site 

occupies, we can estimate Ai via the following equation: 

                                          𝐴𝐴𝑖𝑖 = 𝜒𝜒𝑖𝑖𝐴𝐴𝑆𝑆𝑆𝑆𝑆𝑆𝐴𝐴𝑖𝑖,𝑎𝑎𝑎𝑎𝑔𝑔,                                              (4) 

where Ai,avg is the average SES area of reactive site i. Following the equations 3 and 

4, we can reformulate the calculation of αi as  

                                                        𝛼𝛼𝑖𝑖 = 𝜒𝜒𝑖𝑖𝐴𝐴𝑖𝑖,𝑎𝑎𝑎𝑎𝑔𝑔.                                                (5) 

As we learned from the previous section, χi has no dependence on either particle 

size or chemical composition. Table 2 also shows that each carbon or hydrogen 

atom on the particle surface roughly occupies the same surface area for all the tested 

clusters. AC,avg is in the range of 3.77 to 4.25 Å2 and 4.09 to 4.38 Å2 for solid and 

liquid-like configurations, respectively. Each hydrogen atom roughly occupies an 

area of 9.6 Å2 for both solid or liquid-like clusters, except AH,avg on HBC clusters. 

On average, each of the H or C atom on the surface occupies similar surface area, 

and this is consistent with the physical understanding of particle surface. Thus, Ai,avg 

including both AC,avg and AH,avg does not depend on the particle size or chemical 

composition. Furthermore, this explains why αH yields a small band as presented in 

Fig. 10, with the corresponding average value of αH equals to 0.65. For HBC 

clusters, AH,avg is about 15% less than that of other clusters, but χH is about 10% 

higher. Combining these two factors via equation 5, αH of HBC clusters is about 7% 

lower than the average value and lies on the lower bound of all data in Fig. 10. 
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Table 2. Average surface area of each carbon and hydrogen atoms on particle 

surface for both solid and liquid-like configurations. 

Surface species PYR COR OVA HBC CIR 

Carbon (Å2)a 4.25±0.10 3.77±0.15 3.77±0.16 3.76±0.23 3.74±0.22 

Hydrogen (Å2)a 9.54±0.15 9.79±0.12 9.71±0.09 8.32±0.13 9.65±0.05 

Carbon (Å2)b 4.38±0.09 4.30±0.15 4.17±0.11 4.21±0.14 4.09±0.11 

Hydrogen (Å2)b 9.38±0.13 9.64±0.06 9.68±0.07 8.44±0.05 9.59±0.05 

a Data for solid configurations ranging from Tr’=0.4 to Tr’=0.99. 
b Data for liquid-like configurations ranging from Tr’=1.0 to Tr’=1.56. 

 

Figure 11. Reduced alpha (𝛼𝛼𝐻𝐻′ ) of all PAH clusters ranging from 2.9 to 7.2 nm. The 

radius of probe is 2 Å and a linear fitted curve is obtained and highlighted in the 

plot.  

A correlation between reduced alpha (𝛼𝛼𝐻𝐻′ ) and reduced temperature is presented 

in Fig. 11. 𝛼𝛼𝐻𝐻′  is defined as the ratio between αH at a specific temperature and that 

at Tr’=1.0. Regardless of particle size and molecular composition, it is found that 

all data clusters together and a linear regression yields a correlation between 𝛼𝛼𝐻𝐻′  

and Tr’ as shown in Fig. 11. Interestingly, it is a coincidence that the fitted line 

almost crosses 1.0 when Tr’=1.0. Moreover, the effects from particle size and 

chemical composition introduce about 10% uncertainties on parameter α at the 
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same reduced temperature, and this is consistent with the findings in Fig. 10. When 

considering a specific temperature rather than the reduced one, parameter α is 

indeed a function of both particle size and chemical composition as melting 

temperature and thus reduced temperature is correlated with these factors [42, 44]. 

To explore this matter, we have both COR500 and CIR200 clusters as examples and 

extrapolate αH at 1800 K. For COR500 clusters, one can convert 1800 K to Tr’=3.13 

according to their melting points (Table A2), and thus the corresponding 𝛼𝛼𝐻𝐻′  and αH 

is 0.54 and 0.35, respectively. Similarly, for a CIR200 cluster, αH is 0.59 at 1800 K 

as its melting point is 1225 K. Therefore, it is expected that clusters with smaller 

PAHs always have a lower melting point and the corresponding αH stays away from 

the average value as shown in Fig. 10 at flame temperatures. Further growth in 

particle size together with the PAH size would lead that αH slowly approaches to 

0.65. In other words, surface reactions accelerate via the increase in parameter α. 

Combining the increase in the surface area, the acceleration should be a non-linear 

phenomenon if no significant change of configurations occurs along the growth. 

 

Figure 12. Reduced alpha (𝛼𝛼𝐻𝐻′′) of both CIR200 and COR500 clusters with different 

probe sizes ranging from 1.2 Å up to 10.0 Å. 𝛼𝛼𝐻𝐻′′ is defined as the ratio between 𝛼𝛼𝐻𝐻 

computed with a specific probe size over that with a probe size of 2.0 Å. The αH of 

CIR200 and COR500 with rp=2.0 Å is 0.67 and 0.62, respectively. The shaded area 

indicates the standard deviation calculated from 100 configurations. 
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The impact of probe size is addressed as a final factor here. As previously 

discussed, all surface properties including surface area and the number density of 

active sites is subject to the type of gaseous species, or more precisely, the probe 

size. The dependence of probe size of αH is presented in Fig. 12 for CIR200 and 

COR500. To clearly identify the impact of probe size on αH, we further define a 

reduced 𝛼𝛼𝐻𝐻′′ as the ratio between αH computed with a specific probe size over that 

with a probe size of 2.0 Å. When probe size is smaller than 4.0 Å, the two cases 

agree with each other but further increase in the probe size makes the predicted 

alpha values deviate. This may correlate with the porosity of the particle surface 

and COR500 has a higher amount of holes or pockets [46] on particle surface. It is 

worth noting that the smallest probe here is 1.2 Å representing an H radical and its 

alpha value is about 15% smaller than that of C2H2. 

 

Figure 13. A new equation of parameter α proposed in this work. The points are 

taken from MD simulations with a particle diameter of about 4.5 nm, i.e. PYR200, 

COR100, OVA100, HBC80, and CIR80, while the lines are presented via equation 6.  

Combining previous works on melting points of PAH clusters [42, 44], we 

establish a new equation to estimate parameter αH for single primary particle : 

                                  𝛼𝛼𝐻𝐻 = 𝐴𝐴𝐻𝐻[1.23 − 0.22𝑇𝑇

�1−1.22
𝐷𝐷 �(52.01+2.16𝑚𝑚)

],                            (6) 
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where AH is the value of parameter αH at Tr’=1.0, T is the local temperature or 

particle temperature in K, D is the particle spherical diameter in nm, and m is the 

molecular mass of PAHs in a.u.. Note that one should take into account the size of 

gaseous species in  AH and the corresponding effect is shown in Fig. 12. The detailed 

derivation can be found in the Appendix. As shown in Fig. 13, the proposed 

equation well captures the data of clusters with a size about 4.5 nm. Comparing 

with previous works shown in Fig 1., it is noted that the predicted parameter α from 

equation 6 is much smaller than the previous values. At 2000 K, parameter α is 0.24 

and 0.54 for a COR and CIR particle with a size as 4.5 nm, respectively, while ABF 

model [27] yields the corresponding values as 0.76 and 0.65. In a recent work, 

Frenklach [30] revamped the treatment of parameter α that correlates with the 

carbon networking in the particle structure, but the initial reactive state of particle 

surface was  extracted from a fitting of experimental data. In previous works [31, 

37], parameter α commonly decreases with increasing particle size or its thermal 

age in flames, however, equation 6 here predicts an opposite trend. We speculate 

that such contradiction might arise from our selected model systems, i.e. PAH 

clusters, and they fail to represent the configurations of mature soot owing to the 

lack of carbonization [23, 27]. An appropriate model system should be considered 

in future work to address the reactivity of mature soot. Another limitation of 

equation 6 is that the derivation is based on an isolated particle and its validity for 

aggregates is subject to further investigation. Following the SES representation of 

particle surface, we explicitly account for the effect of particle morphology as solid 

and liquid-like configurations using microscopic representations of nascent soot 

and provide a physical insight into surface properties. It is also important to note 

that the size effect of gas species is introduced for the first time. The new proposed 

correlation is critical for the future development of soot models to capture the 

physics in surface reactions of nascent soot. 

 

3.4 Overall effect 
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Table 3. Comparison between literature values and findings in the current work 

from 500 K to 2000 K. 

Parametersa 
500 K 1000 K 1500 K 2000 K 

COR CIR COR CIR COR CIR COR CIR 

Normalized 

surface 

areab 

1.57 1.73 1.57 1.73 1.57 1.73 1.57 1.73 

Normalized 

𝜒𝜒𝐻𝐻c 
0.30 0.36 0.30 0.36 0.30 0.30 0.30 0.30 

Normalized 

αHd 
0.66 0.73 0.52 0.67 0.38 0.62 0.32 0.82 

Overall 

effect 
0.31 0.45 0.24 0.42 0.18 0.32 0.15 0.43 

a A C2H2 molecule is considered as the probe, i.e. 2 Å. 
b The normalized surface area is defined as the ratio of ASES and Asph, and data 

listed here is taken from Fig. 5 for Tr=1.0. 
c 𝜒𝜒𝐻𝐻 is normalized by a value of 23.0×1018 from [26], and data listed here is taken 

for Tr=1.0. The temperature effect is considered as 20% reduction for the transition 

from a solid to liquid-like configuration. 

d Parameter αH here is first calculated from equation 6 assuming D=4.5 nm. Then, 

the values are all normalized by data taken from ABF model [27] with μ1 =24 and 

54 for COR and CIR clusters, respectively.  

A detailed comparison between literature values widely used in the past and our 

current findings is shown in Table 3, and all reported values are normalized to better 

illustrate the difference. Two representative molecules, i.e. COR and CIR, are 

considered and the corresponding parameters were analyzed at four temperatures, 

i.e. 500 K, 1000 K, 1500 K and 2000 K, to cover a wide range of temperature effect. 

As shown in Table 3, all the three parameters including surface area, 𝜒𝜒𝐻𝐻 and αH 

have a significant difference between literature values and our findings. The 
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previous studies underestimate the surface area by 50-70% while both 𝜒𝜒𝐻𝐻 and αH 

are overestimated by a factor of 3 at maximum. Besides temperature, αH for both 

previous approach and our proposed correlation (equation 6) depends on the 

molecular composition, and the underlying reason is previously discussed as the 

difference in the melting temperature. We further consider particle size as an 

independent term to describe its impact on the melting temperature as well. The 

size effect of gaseous species involving in surface reactions is explicitly included 

in our approach (equation 6). Overall, taking all the three terms together via 

equation 1, the empirical approach overestimates the contribution of surface 

properties on surface reactions, and the discrepancy can be as large as a factor of 6 

and 3 for COR and CIR clusters, respectively. Furthermore, we can question the 

previous estimation of Rg as the errors in the Rg actually propagate into the surface 

parameters, especially parameter α as we discussed in Introduction. In other words, 

the Arrhenius parameters in the expression of Rg overestimate the energy barrier for 

surface reactions; for example, considering COR clusters at 2000 K and no change 

in the parameter A and n, one can estimate the difference in the energy barrier 

between surface reaction and gas-phase reaction as 7.2 kcal/mol. This reduced 

energy barrier can be attributed to the interactions of molecules on particle surface; 

however, the detailed mechanism is worth further investigation in future.  

The current analysis of surface properties examines the geometric effect only, 

neglecting the interactions between the probe and particle surface. This 

approximation may not hold for the area located in a surface pocket that suffers 

higher energy barrier to access. Also, homogeneous PAH clusters might not be a 

good model for late stages of soot surface growth. Nevertheless, it is the first time 

that the surface properties of PAH clusters are investigated via a series of physical 

representations of particles. When considering the findings presented in this work, 

we shall not ignore the uncertainty in the surface properties, and further studies 

shall continue the investigation into the correlation between surface properties and 

clusters built from molecules such as planar PAHs with substitutions [51, 52], 

cross-linked PAHs [53-56], oxygenated PAHs [52] and even curved PAHs [57, 58]. 
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It is expected that soot particles covered with latter three types of PAHs follow the 

same trends in the surface properties of homogeneous PAHs as they also prefer 

stacked configuration. In comparison, the functional groups on surface PAHs would 

impact the surface dynamics due to the limited accessibility of active site on particle 

surface. Instead, the surface reaction is more likely to occur on the functional groups. 

4. Conclusions 

The surface properties of PAH clusters including surface roughness, number 

density of reactive sites on particle surface and parameter α are carefully 

investigated using SES representation. The effects on each surface property from 

four independent parameters, i.e. the size of gaseous species, temperature, particle 

size and chemical composition, are examined. A small species could access area 

beyond the boundary of the particle surface, particularly surface pockets, and lead 

to a large accessible area on particle surface. Besides, both chemical composition 

and temperature have a strong effect on the prediction of surface area for a small 

species (<4 Å). It is also found that the assumption of spherical particles introduces 

a large uncertainty in the estimation of the surface area, and in the worst case, the 

error can be as large as a factor of 2.5. It is worth noting that the surface accessibility 

of reactive sites decreases with the increase in temperature. The number density of 

atoms or sites on cluster surface does not depend on the chemical composition of a 

particle, and this finding is consistent with the physical understanding of particle 

surface. The number density of H atoms on particle surface estimated from our 

method suggests that the value is overestimated by a factor of 3 in the literature. 

Furthermore, the parameter α, which is usually treated as a fitting parameter in 

the models, has been systematically analyzed using structures analogous to nascent 

soot for the first time. Surprisingly, parameter α for H abstraction reactions is 

insensitive to the chemical composition in the particle and no particle size 

dependence is observed at the same reduced temperature. On the other hand, 

temperature has an obvious impact on parameter α and we quantify its impact using 

a linear correlation over a wide range of temperatures. The size of gaseous species 
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has a noticeable impact on parameter α, and this should be taken into account when 

estimating parameter α for a specific reaction. More importantly, a new equation 

for parameter α is proposed and its derivation is mainly based on the extrapolation 

of current data.  

The above findings have also been discussed in the context of energy barrier in 

surface reactions, and we conclude that the activation energy is lower than that of 

gaseous reaction by 7.2 kcal/mol at 2000 K and this is based on the overall impact 

on the three surface parameters. Therefore, we believe our new findings are 

valuable for the development of a proper surface model for soot, and should be 

further integrated into a soot model and guide the parameter selection for surface 

reactions of nascent soot at least. 
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Appendix 

1.  Parameter α in the literature 

Table A1. Detailed descriptions of parameter α in the literature. 

References Model function or constant Index in Fig. 1 

Frenklach and Wang (1991) [26] 0.1 1 

Frenklach and Wang (1991) [26] 0.7 2 

Kazakov et al. (1995) [13] [tanh(8168/Tmax- 4.57) + 1]/2 3 

Xu et al. (1997) [32] 

Zhang et al. (2009) [59] 

Liu et al. (2012) [60] 

Saffaripour et al.(2011) [61] 

0.004 exp(10800/T)a 4 

Xu et al. (1998) [33] 0.00115 exp(12500/T)a 5 

Appel et al. (2000) [27] tanh(a/log μ1 + b)b 
6 (μ1 =16) 

 7 (μ1 =100) 

El-Leathy et al. (2004) [62] 

Kim et al. (2004) [14] 

Zhao et al. (2017) [63] 

0.0017 exp(12100/T)a 8 

Singh et al. (2005) [64] 
1 for Ap ≤ 0.012c 

0.2 for Ap > 0.012c 
- 

Singh et al. (2005) [64] 0.2 + 0.8 exp((882-0.52 Tmax) Ap) 
9 (Ap=0.01 s) 

10 (Ap=0.02 s) 

Guo et al. (2006) [65] 0.0045 exp(9000/T)a 11 

Dworkin (2011) [66] 0.078 12 

Veshkini et al. (2014) [31] 6974.6/Ta2 exp(-88.06/Ta)d    - 

Wang et al. (2015) [67] 1.0 13 
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Khosousi and Dworkin (2015) [68] （Ta,max/Ta)2.2 exp[(2.4*(0.85-Ta,max/Ta)]e - 

Khosousi and Dworkin (2015) [69] （Ta,max/Ta)2 exp[(2*(1-Ta,max/Ta)]e - 
a T is local temperature.  
b μ1 is the first reduced moment of the particle size distribution representing the 

average mass per particle. a and b are fitted parameters that follows 12.56 - 0.00563 

Tmax, and -1.38 + 0.00068 Tmax, respectively, and Tmax refers to the maximum flame 

temperature. 
c Ap is particle residence time in second. 
d Ta is the thermal age and is defined as the integral of temperature to which a 

particle has been exposed with respect to time. 
e Ta,max refers to the thermal age at the point of maximum soot. 
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2.  Particle properties 

Table A2. Featured properties of all clusters at the melting point and melting 

point temperatures 

Clustera 

Spherical-

equivalent diameter 

in this work (nm)b 

Spherical-equivalent 

diameter in previous 

works (nm)c 

SES area 

(nm2) 

Melting 

point (K) 

PYR50 2.91 3.16 34.39±0.56 250 

PYR80 3.41 3.68 48.53±0.77 270 

PYR100 3.70 3.94 55.93±0.76 280 

PYR200 4.69 4.96 91.68±1.14 310 

PYR300 5.39 5.65 122.09±1.85 320 

COR50 3.26 3.52 45.45±0.80 455 

COR80 3.83 4.09 63.11±1.57 480 

COR100 4.51 4.42 75.10±1.54 500 

COR200 5.26 5.53 128.13±1.44 525 

COR500 7.21 7.51 251.25±5.55 575 

OVA50 3.53 3.78 54.68±1.07 575 

OVA80 4.16 4.44 77.24±1.72 600 

OVA100 4.49 4.75 92.56±1.79 615 

OVA200 5.68 5.94 151.63±3.27 650 

OVA300 6.56 6.78 209.10±3.62 675 

HBC50 3.78 4.11 68.77±1.95 810 

HBC80 4.51 4.81 102.46±2.35 875 

HBC100 4.80 5.17 117.73±3.16 900 

HBC200 6.18 6.49 214.67±8.13 975 
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HBC300 7.13 7.49 290.29±8.73 990 

CIR50 4.09 4.39 83.49±2.99 1040 

CIR80 4.77 5.14 124.63±3.94 1090 

CIR100 5.16 5.52 138.95±6.50 1150 

CIR150 5.95 6.31 194.02±4.75 1185 

CIR200 6.52 6.97 236.29±7.26 1225 
a Indices refer to the number of molecules in the cluster. Data of PYR, COR are 

taken from Ref. [44], and data of OVA, HBC and CIR are taken from Ref. [42]. 
b In this work, we calculate spherical-equivalent diameters from a rolling ball 

algorithm and assume a spherical particle. The probe size is 2.0 Å. 
c Spherical-equivalent diameters are taken from previous work [42, 44]  that were 

estimated from a Monte Carlo algorithm [41]. 

In this work, smaller spherical-equivalent diameters are reported compared to the 

values in our previous works [42, 44]. The discrepancy is caused by the change in 

computing algorithm. We compute the cluster volume using a rolling ball algorithm 

that generates a connected particle surface this time, while a Monte Carlo (MC) 

algorithm was previously used to compute the cluster volume and a scaling factor, 

i.e. 1.7 [41], was included to encompass all intermolecular space by scaling the size 

of individual carbon and hydrogen atom. The application of scaling factor 

highlights the issue in MC algorithm for volume calculations, as volumetric 

representation cannot represent the particle boundary very well and particle surface 

is isolated. In contrast, rolling ball algorithm precisely identifies the particle surface 

and thus yields a smaller and more accurate diameter. 

 

3. Parameters in the fitting of Fig. 7 

Table A3. Detailed parameters in the fitting of both Fig. 7a and 7b. 

Cluster 

H atom on surface, 

SH (#)a 

SES area, 

 ASES (nm2)b 

A B A’ B’ 

PYR -33.4 28.1 -6.4 4.2 
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COR -70.9 31.5 -13.5 4.9 

OVA -121.0 34.7 -20.3 5.2 

HBC -180.0 42.5 -30.6 5.9 

CIR -233.0 42.0 -37.3 6.3 
a SH=A+BD2 and D represents the spherical diameter of a cluster. 
b ASES=A’+B’D2 and D represents the spherical diameter of a cluster. 

4.  Derivation for equation 6  

Regardless of chemical composition and particle size, parameter α at Tr’=1.0 

yields an average of 0.65 for a reaction involving species with a radius of 2.0 Å. 

Further analysis on the temperature impact (Fig. 11) reveals that parameter α can 

be represented via a fitted equation: 

𝛼𝛼 = 0.65(1.23 − 0.22𝑇𝑇𝑟𝑟′) . 

This equation can be generalized to describe parameter α for any sized gaseous 

species with a parameter AH (=0.65𝛼𝛼𝐻𝐻′′). The key point is to estimate Tr’, which can 

be rewritten as 

𝑇𝑇𝑟𝑟′ =
𝑇𝑇
𝑇𝑇𝑐𝑐𝑚𝑚

=
𝑇𝑇

𝑇𝑇𝑟𝑟 ∙ 𝑇𝑇𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏
, 

where Tr=Tcm/Tbulk and Tbulk refers to a bulk melting point of a species. From 

previous works, it was learned that Tr is linearly correlated with the inverse of 

particle diameter as Tr=1-b/D, where b is a parameter for different PAHs ranging 

from 0.95 to 1.45 [42, 44]. In this work, we refitted Tr as a function of the inverse 

of particle diameter to remove the dependence on chemical composition, as shown 

in Fig. A1. Tbulk can be calculated from the molecular mass of a species and the 

correlation is taken from Fig. 4 [42] as  

𝑇𝑇𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 = 52.01 + 2.16𝑚𝑚, 

Where m is the molecular mass in a.u.. Combing the above equations, parameter α 

can be calculated via the following equation: 

α𝐻𝐻 = 𝐴𝐴𝐻𝐻[1.23 −
0.22𝑇𝑇

�1 − 1.22
𝐷𝐷 � (52.01 + 2.16𝑚𝑚)

] 
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Figure A1. Refitted reduced melting point (Tr) as a function of the inverse of particle 

diameter. Tr is defined as Tr=Tcm/Tbulk, where Tcm and Tbulk refer to the melting point 

of a cluster and a bulk melting point, respectively. The points are taken from the 

correlation shown in Fig. 3 [42] and Fig. 5 [44]. The black line is refitted by 

averaging Tr at same particle size.  
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